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ABSTRACT
PHOTOREMOVABLE PROTECTING GROUPS BASED ON
ELECTROCYCLIZATION WITH LEAVING GROUP EXPULSION VIA A
PROPOSED ZWITTERION

Gilbert N Ndzeidze

Marquette University, 2018

The triplet excited state of thioxanthone produced by photolysis undergoes
reversible triplet energy transfer with a trimethylene - linked benzothiophene-2carboxanilide ring system. The ensuing electrocyclic ring closure of the anilide moiety
produces a putative zwitterionic intermediate that is capable of expelling leaving groups
(LG-) from the C-3 position of the benzothiophene ring. Stern-Volmer quenching studies
with cyclohexadiene as quencher furnish the rate constants for the triplet excitation
transfer in the forward and reverse directions, which can be expressed as an equilibrium
constant K = 0.058. Overall, the rate of triplet excited state reaction becomes K x kr =
5.7 x 104 s-1 for LG- = Cl-, where kr is the triplet decay rate of the C-3 chloro – substituted
benzothiophene-2-carboxanilide, found through Stern-Volmer quenching. The high
quantum efficiencies found for the trimethylene - linked systems are due to K x kr being
competitive with triplet excited state decay of the thioxanthone of kd = 7.7 x 104 s-1.
From isc = 0.68, the overall expected quantum yield for direct photolysis should be 0.50
for LG- = Cl- as compared to 0.41 at 25 °C experimentally.  decreases with increasing
basicity of the leaving group (LG- = (EtO)2PO2-, PhCH2CO2-, PhS-, PhCH2S-, Cl-).
Photoremovable protecting groups are of great importance in biological,
biochemical, and physiological applications. The current work has discovered a highly
versatile photoremovable protecting group that can release a wide variety of potentially
biologically active leaving groups with high efficiencies at long wavelengths of 395 nm,
which will minimize damage to cells and tissue. The released leaving groups have a wide
range of basicities. Thus, both weak bases such as carboxylates and phosphates and
relatively strong bases such as thiolates are photochemically released.
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CHAPTER 1
INTRODUCTION
1.1. General Introduction

A method to facilitate research in biologically active systems is to control the
release of bioactive molecules in cells and tissue, which trigger a particular physiological
activity that can be studied in real time. An effective strategy is to put the bioactive
molecule under the control of a conditional trigger, which may be internal or external.
Light can act as a good switch or an external trigger. The method entails attaching the
bioactive molecule to a photoremovable protecting group for use in such applications
(Figure 1.1).1 With photoremovable protecting groups or "caged” compounds, the

Figure 1.1. Caged compounds are artificially designed molecules with biological activity
masked by a photochemically removable protecting group

bioactivity of a molecule is temporarily blocked by a chemical modification with a
photolabile reagent (protecting or caging) group. Photolysis or irradiation with light can
remove the photolabile protecting group and restore the bioactivity of the molecule.
These “caged” compounds have found extensive applications in biology, biochemistry,
and physiology (Scheme 1.1). The photomanipulation of cellular chemistry using caged

2

Scheme 1.1. Photochemical transformation of caged -ATP often used as a source of ATP
e.g. controlling molecular motors, the study of protein enzyme Na/K – ATPase

compounds provide a uniquely powerful means to interact with cellular dynamics.
Since light can pass through cell membranes; uncaging can rapidly release biomolecules
in an intracellular compartment. The extracellular uncaging of biologically active
molecules (neurotransmitters and hormones) can be easily controlled, thus, allowing the
simultaneous stimulation of many neurons or a single synapse by focusing the irradiation
on the area of interest. Light can be focused on an intact tissue such as a strip of muscle
or a population of cells, or it may be focused on a specific area such as a single cell2 or
even part of a cell. The needed timescale for the release of the photochemically active
molecule upon exposure to light will depend on the biological system to be studied.
Uncaging can be rapid or slow depending on the type of protecting group employed. For
example, in biological studies, caged protein kinase A can be released over minutes,3
caged ATP can be released on the milliseconds timescale4, while neurotransmitters can
be released within microseconds5, all depending on the type of protecting group.
The use of biologically active “caged’ compounds or photoremovable protecting
groups has continued to grow since they were first reported in the late 1970s by Kaplan4
and Engels.6 The field has expanded rapidly, and several reviews have been published7–
11

, with the primary emphasis on biological applications, biochemistry, and

neurobiology12–23 and medicine.24–27 Other applications include photorelease technology,
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the release of bioactive volatile materials,28,29 polymerization,30 fluorescence
activation31,32 and synthesis.33–35 See section 1.7 for a discussion of various applications.
1.2. Recent Works and Goals of the Project
Designing cage compounds that can overcome all or most of the criteria listed in
section 1.3 has been a challenge. The objectives of the proposed research are listed as
follows:
1) Extend the photolysis wavelength for achieving release of bioeffectors from the
350 nm region out to the visible wavelength ranging from 350 nm to 650nm
2) Photochemically release basic bioeffector leaving groups, such as thiolates,
phenolates as well as relatively less basic leaving groups such as carboxylates and
phosphates. These leaving groups correspond to the conjugate bases of essential
side chain functionality in peptides and proteins.
3) Reduce or eliminate the problem of premature solvolytic release of the bioeffector
leaving groups under aqueous conditions at high ionic strength.
The proposed cage compounds involve photochemical electrocyclic ring closure
reactions of aromatic carboxamides that expel leaving groups via a putative zwitterionic
intermediate. This intermediate is expected to expel the leaving group as an anion. The
PPGs have the releasable biomolecule or leaving group attached to a thiophene ring
(benzothiophene for example) that is in turn connected to a chromophore (thioxanthone)
via an amide bridge (scheme 1.2). Leaving groups (LG) are attached at the C-3 position
of the thiophene ring. The most interesting aspect of these types of photoremovable
protecting groups is that the photolytic wavelength can be varied by attaching different
chromophores (A) to the nitrogen of the amide as well as other thiophene rings (B).
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(Scheme 1.2). This section will discuss recent work by the previous graduate students
(Sarker, 2012;36 Tasnuva, 2013;37 Jayasekara, 201638), constraints encountered during the
initial development of these photoremovable protecting groups, and the current goal of

Scheme 1.2. Light activated photorelease of leaving groups from benzothiophene
carboxamide via a putative zwitterionic intermediate

this project that is aimed at making these photoremovable protecting groups more
efficient and meeting most of the criteria in section 1.5 (vide supra). Three aspects that
will be the focus here involve increasing the efficiency or quantum yields, expanding the
range of different leaving groups to be released, and understand energy transfer or
photosensitization by use of kinetic studies of these type of caged compounds.

5
1.2.1. Efficiency and Quantum Yields.
Recent work was done by the previous graduate student (Sarker, 2012) 36, with
the anilide of benzothiophene-2-carboxamide 1. Leaving groups were incorporated at the
C-3 of the thiophene ring (eq.1.1). In this case, the light is absorbed directly by the

1.1
1

benzothiophene (λ = 310 nm). Chemical yields of the photoreleased leaving groups were
quantitative and quantum yields varied from 0.1 - 0.23. With LG- = Cl-, PhCH2CO2-, PhS, PhO-, PhCH2S- the quantum yields were, respectively 0.23, 0.16, 0.074, 0.074. Thus, Φ
was found to decrease with increased basicities of the leaving groups.39
To extend the photochemistry to longer wavelengths above 310 nm, the N-phenyl
group was replaced by the thioxanthone chromophore40 (eq.1.2) . The photorelease of
chlorides and thiolates occurred quantitatively at 386 nm, but there was a decrease in the
quantum yields (0.01-0.06). DFT calculations40 of the triplet excited state potential
surface involved in the reaction showed that the triplet excitation transfer from
thioxanthone to benzothiophene was a prerequisite for the reaction to occur. The
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CH3
O
N
S
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=

h
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aq CH3CN
phosphate
buffer

O

(LG-

CH3
N
O

Cl-,

HS-,

CO2H
RS-)

S

S + LG-H

1.2

O

4

CO2H

thioxanthone chromophore has a triplet energy ET = 65 kcal/mol41–44 while
benzothiophene has triplet energy ET = 69 kcal/mol.45 The low observed quantum

(Sarker)

(Jayasekara)

(Li)

Scheme 1.3. Comparison
of triplet energy transfer
from thioxanthone to thiophene (Li)
(Jayasekara)
(Sarker)
rings with quantum yields

yields were thought to be due to the endothermic
nature of energy transfer from the (Li)
(Jayasekara)
(Sarker)
thioxanthone to benzothiophene. In order to facilitate energy transfer from thioxanthone
excited state, (Jayesekera, 2016)38 and Li (unpublished
(Jayasekara)work) replaced the
(Sarker)

(Li)

benzothiophene with other naphthothiophene rings with ET lower than 69 kcal mol-1.
Naphthothiophenes with ET = 51 kcal mol-1 and ET = 62 kcal mol-1 are shown in Scheme
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1.3 above. Only about 2-fold increase in quantum yields were observed. Other factors
therefore need to be taken into consideration. Our recent results (chapter 2) indicate that
the intermolecular sensitization of thioxanthone with benzothiophene-2-carboxanilide has
quantum yields as high as 0.4. This led to the inference that the direct attachment of
thioxanthone chromophore to the nitrogen of the carboxamide in 3 is too rigid or may
have an unfavorable orientation for through-bond energy transfer from the chromophore
to the benzothiophene ring. In addition, there may be a substituent effect that slows
electrocyclization of the thioxanthone and benzothiophene rings. On the other hand,
electrocyclization of the benzothiophene in anilides is known to be efficient.39
Attaching thioxanthone to amide nitrogen via a flexible trimethylene linker was adopted
to facilitate through-bond energy transfer and provide an efficient mechanism for
electrocyclization in an anilide (Eq. 1.3).

1.3

1.2.2. Expand the Range Leaving Group Anions.
Currently, the C-3 position of the benzothiophene ring contains a chloride that can
be nucleophilically substituted by thiolates and phenolates. In other words, the
biomolecule must contain a thiolate or a phenolate group. The second goal of the research
project is to expand the range of leaving groups functionality that can be photochemically
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released. Introducing a C-3 hydroxyl group would allow a wide variety of biomolecules
to be attached to the thiophene ring of the photoremovable protecting group. It is highly
desirable, for example, to release carboxylate groups as leaving groups (LG-). The
carboxylate group is present in many natural and unnatural biomolecules, e.g., the Cterminus of peptides and proteins, neurotransmitters such as γ-aminobutyric acid
(GABA) and glutamate. To attach carboxylates or, for that matter, phosphate groups of
molecules to the benzothiophene ring, the benzothiophene moiety needs to have a
suitable handle, such as a hydroxyl group, at the C-3 position, rather than the C-3 chloro
group. Incorporating a hydroxyl group at the C-3 position of the benzothiophene ring
system became an important goal of the project. To obtain quantum and chemical yields,
we will initially attach model carboxylate groups, e.g., phenylacetate or acetate. A diethyl
phosphate will serve as a model for phosphate esters.
1.2.3. Energy Transfer via Photosensitization Studies.
As noted above, energy transfer is an essential aspect of understanding how these
photoremovable protecting groups work. The project involves studies of both the interand the intramolecular energy transfers from thioxanthone to benzothiophene. Energy
transfer from thioxanthone to benzothiophene is endothermic and should be thermally
activated. The activation energy will be determined experimentally from the Arrhenius
plot using temperature variation of quantum yields. Since energy transfer is endothermic
and reversible, the rate constant for energy transfer in the forward and reverse directions
at room temperature will be determined through quenching experiments with
cyclohexadiene and analysis of the resultant non-linear Stern-Volmer plot. A complete
study of the behavior of quantum yields for the intermolecular thioxanthone sensitized
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photolysis as a function of benzothiophene-2-carboxanilide 7 concentration will also be
conducted.
1.3. Summary of Chapters.

Chapter 1. This chapter continue with the general introduction of
photoremovable protecting groups, their properties, background, and applications.
Chapter 2. This chapter provides an introduction to the photochemistry of
thioxanthone and benzothiophene-2-carboxanilide. The chapter will also include
synthesis and characterization of compounds using NMR, LCMS-IT-TOF, GC-MS, exact
mass, X-ray crystallography, UV absorption spectroscopy, and melting points.
Chapter 3. Photochemical studies of thioxanthone and benzothiophene-2carboxanilide 7 are determined. Studies here will include energy transfer, quantum yields,
rate constants, temperature dependence on quantum yield and its effect on triplet energy
transfer and Ea determination.
Chapter 4. Discussion and conclusion are provided.

1.4.1. The Absorption of Light by Photoremovable Protecting Groups.

With photoremovable protecting group, the released of the leaving group or
bioactive molecule from the protecting group must be a photochemically activated

1.4

process that occurs upon absorption of light by the chromophore. The absorption of a
photon by caged molecule R results in promotion to the excited state as R* (Eq. 1.4). R*
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is a chemical species that is highly reactive and can either be in the singlet or triplet
excited state as summarized in Figure 1.2. The singlet or triplet excited state can either
lose their excess energy and decay back to ground state R or they can proceed to form

Figure 1.2. Energy state diagram for the absorption of light by an organic molecule

either a singlet or a triplet intermediate (1I or 3I) as shown in Scheme 1.4. The
intermediate can then undergo a photochemical process such as photorelease of a leaving
group, that is, a functional group of a biomolecule in caged compounds.

Scheme 1.4. Plausible reaction path for an excited organic molecule

The proportion of light absorbing molecules will determine the amount of product
that is being formed. Absorbance (A) of a caged molecule in a solution is determined by
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A = εlc

1.5

where ε and c are the extinction coefficient and concentration of the molecules respective
while l is the length of the light path through the solution. For efficient photolysis, ε
should be high at the wavelength triggering the photochemical reaction. On the other
hand, when the extinction coefficient is too high, poor, and uneven uncaging may be
observed in thick media such as muscles of 100 μm diameter or the large neurons (> 200
μm) because the molecules at the front surface may absorb much of the light before it
reaches the center of the tissue.46,47
The effectiveness of the absorption of a photon that lead to the formation of a
photoproduct is measured using the quantum yield Φ as shown below:

Φ=

𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠 𝑓𝑜𝑟𝑚𝑒𝑑
𝑝ℎ𝑜𝑡𝑜𝑛𝑠 𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑

Therefore, less light would be required to trigger a photochemical process with a
high extinction coefficient and a high quantum yield. The proportion of molecules
photolyzed is also influenced by the lifetime of R*. Photolysis of most commonly
available caged compounds requires wavelengths in the near UV-region at 320-350 nm.
Wavelengths below 300 nm can lead to cell damage and are often filtered out.
1.4.2. Photosensitization and Energy Transfer
An electronically excited molecule can transfer its energy to a second species
which can then undergo a photochemical transformation even though it was not itself
directly excited (Figure 1.3). Normally, energy transfer is more efficient in an exergonic
process than in an endergonic process. For an exergonic process, the sensitizer or the
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Allowed if ED > EA
Forbidden if ED < EA

3

D* + 1A

D1 + 3A*

Figure 1.3. Energy state diagram for triplet-triplet energy transfer via photosensitization

donor (D) triplet energy is higher than that of the acceptor (A). In addition, the sensitizer
should have a high intersystem crossing quantum yield to be able to populate its triplet
excited state as well as a long triplet lifetime for efficient triplet energy transfer to the
acceptor. Photosensitization and energy transfer can occur collisionally, or it can be
intramolecular, e.g. through-bond energy transfer, in which case a covalent linker
connects the sensitizer (donor) and the quencher or acceptor. Various theories describe
intramolecular energy transfer, which generally involves many molecular orientations for
transferring energy.48–50 For example, through-bond energy transfer may co-occur with
through-space energy transfer. Of course, intermolecular (through space) energy transfer
occurs when the two entities are separate. For triplet energy transfer of the Dexter type,
the two entities must encounter each other at close distances that enable orbital overlap.
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Energy transfer has found many critical applications51 including biological
systems, dye laser operation, molecular electronic devices, photodynamic therapy, light
harvesting, photochemical synthesis, and development of optical fiber sensors for pH
determination in physiological systems. Additional applications involve determining the
conformations of macromolecules and elucidation of the photophysical behavior of large
molecules.
1.5. Brief Review of Photoremovable Protecting Groups.
In 1962, Barltrop et al.52 were among the first group to report a photochemical
deprotection of a significant biological molecule. Glycine was released from Nbenzyloxycarbonyl glycine only through the action of light (eq. 1.5). These results

1.5

prompted many researchers to develop different types of photoremovable protecting
groups. Successful applications in biology by researchers, notably Kaplan4, led to the
description of the photoactivatable group as "caged" to describe its deactivating influence
on the biological substrate to which it is attached. The cage will detach ideally only
through the action of light or irradiation. These properties have been specified by several
researchers in the field, who include Sheehan and Umezawa53, and Lester and
Nerbonne,54 A useful adaptation of the Lester rules and Sheehan criteria includes the
following:11
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1. The photochemical release of the biomolecule or leaving group must be
efficient with high quantum yields (Φ > 0.10)
2. The substrate, caged substrate, and photoproducts should have excellent
aqueous solubilities for biological applications.
3. The release of the bioactive molecule from the protecting group must be a
photochemically activated process and should occur directly from the excited
state of the chromophore.
4. The photoremovable protecting group and the photoproducts should be stable
in the photolysis environment
5. The chromophore should have high absorptivity to capture the incident light
efficiently while the media, substrate, and photoproduct should have a lower
absorption at the irradiation wavelength.
6. The excitation wavelength should be well above 300 nm where irradiation is
less likely to be absorbed and possibly cause damage to the biological entity.
7. A good synthetic procedure for the attachment of the cage to the substrate
should be available. The separation of the cage and the released substrate
should be quantitative.
While all of these properties are desirable for applications of caged compounds, a
potential caged compound may still be useful if it lacks one, two or even three of these
properties. However, the absence of many of these properties may limit or lower the
efficacy of a particular caged compound. Table 1 below shows some selected
commercially available caged compounds and their properties.10 Examples11 of

15
Table 1. Properties selected commercially available caged compounds10
Caged compound
Calcium chelators
DM-nitrophena,b
NP-EGTAa
Neurotransmitters
CNB-Glua
CNB-GABAa
Phosphates
NPE-cAMPb
DMNPE-cAMPa
NPE-ATPa,b
Fluorophores
bis-CMNBfluoresceina
DMNB-HPTSa

Φ

ε(M–1 cm–1)

Φ×ε

Rate (s–1)

Stability

0.18
0.23

4,300
970

774
194

3.8 × 104
6.8 × 104

Complete
Complete

0.14
0.16

500
500

70
70

4.8 × 104
3.6 × 104

Fair
Fair

0.51
0.05
0.63

430
5000
430

219
250
271

200
300
90

fair
Poor
Excellent

ND

2,000

ND

ND

Complete

ND

∼5,000

ND

ND

Complete

a

From Invitrogen (Molecular Probes).
From Calbiochem.
c
From Tocris. ε = extinction coefficient; Φ = quantum yield; ND = not determined
b

photoremovable protecting groups that qualify and meet the Lester and Sheehan criteria
include α-substituted acetophenones, benzoins, benzyl groups, cinnamate esters,
coumaryl groups, and, the most popular of them all, the o-nitrobenzyl esters and their
analogs. Examples of commonly caged biomolecules or second messengers are
calcium55–58, neurotransmitters59–65, nucleotides4,66, peptides67,68, enzymes69–71, mRNA72,
and DNA73. Apart from Ca, all these molecules are caged by covalent modification of
one part of their structure with a photoremovable chromophore. A detailed discussion of
the applications of caged compounds is discussed in section 1.4.
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1.6. Background on the Release of Leaving Groups via Photogenerated Zwitterionic
Intermediate.

The photorelease of leaving groups anions by zwitterionic intermediates may not
be a common phenomenon. An earlier example is the photochemical release of
carboxylate and phenolate leaving groups from α-keto amides 5 at 300-350 nm

Scheme 1.5. Elimination of carboxylate and phenolates from the irradiation of α-keto
amide.
(Figure 1.5).74–76 The zwitterionic intermediate 8 is generated via an excited state
hydrogen transfer from an N-alkyl group of the amide (Scheme 1.6). Here, the proton
release rates reflect the leaving group release rates, because the leaving group is expelled
in a rate-determining step that occurs prior to the proton release step. For the N, Ndiethylamides 5a, leaving group release is the rate determining step, and thus, log krelease
of protons depends linearly on pKa of the conjugate acid of the carboxylate group that is
expelled from 8a. However, with N,N-diisopropyl amides 5b, intermediates 8b and 9b
are more stable than the corresponding N,N-diethyl amides such that the proton release
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Scheme 1.6. Zwitterionic intermediate generated via the excited state hydrogen transfer
from an N-alkyl group of amides

step (path b, scheme 1.6) to form 7b becomes significantly rate determining.
Consequently, krelease is insensitive to leaving group ability of the carboxylate group.
In the current project, these types of cage compounds are thought to undergo a
photochemical electrocyclic ring closure reaction to form a zwitterionic intermediate that

Scheme 1.7. zwitterionic intermediate generated from the electrocyclic ring closure from
a 6π electron system with an amide functional group. LG is expelled directly from the
zwitterionic intermediate prior to proton release step.
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releases the leaving group (Scheme 1.7). The zwitterionic intermediate can occur via an
electrocyclization of a 6π electron system with an amide functional group. The
electrocyclization involves a photochemically allowed conrotatory process that can form
a six-member ring prior to leaving group expulsion. The mechanism of LG expulsion
(Scheme 1.7), indicates that LG- is expelled directly from the zwitterionic intermediate.
Preliminary results have suggested that LG- release occurs from the zwitterionic
intermediate prior to proton release step. The experimental results indicated that quantum
yields of LG- release decreases with increase in basicity and log Φ correlate linearly with
pKa of the LG- conjugate acid.39 If LG- release were to occur after the loss of the proton,
there will be no change in quantum yields when LG- pka changes. The decrease in
quantum yield with increasing LG- basicity may possibly be as a result of LG- release
competing with ring opening of the zwitterionic intermediate to regenerate the starting
material. This would lead to the inference that for benzothiophene carboxamides, LG
release takes precedence over alternate pathways, such as the 1,5-H shift described by
Witkop et. al. (Scheme 1.8)77
Witkop has shown that the ring closure involves a conrotatory motion to form the
new σ bond. The stereochemistry was inferred from the trans ring fusion of the
photoproduct. This conclusion assumes that the 1,5-H migration that occurs after ring
closure is a suprafacial process that occurs in the ground state. In the study by Witkop, no
leaving group is present at the C-3 position of the benzothiophene. In addition, he did not
establish the multiplicity of the photoreaction or determine any quantum yields.
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Scheme 1.8. zwitterionic intermediate via conrotatory ring closure to form a σ bond and
then a 1,5-h shift.

One of the first photochemical reactions that had a chloride as a leaving group at
the C-3 position in the benzothiophene ring was that of Castle et al78–80. A series of
papers by Castle showed that the photochemical reaction was useful in synthesizing
heterocyclic ring systems. Their work was primarily geared towards synthesis. No
quantum yields were determined, and no experiments provided any details about the
mechanism. Like Witkop, they postulated that the photoreactions involved electrocyclic
ring closures to produce zwitterionic intermediates. The zwitterionic intermediates
eliminated a chloride ion as the leaving group in the work by Castle and coworkers.
1.7. Photoremovable Protecting Groups and their Applications.
Organic chemists have developed a vast number of different caged compounds
that have been used to facilitate research in biology, biochemistry, and physiology.
Caged compounds have also been applied in technology, material science, and synthesis.
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1.7.1. Caged Neurotransmitters.
When neurotransmitters bind to their receptors, the may cause the selective
opening of ion channels for inorganic cations (Na+, K+, Ca2+) and anions, Cl- (Figure 1.4).

Figure 1.4. Activation of an ionotropic receptor by photorelease of a caged
neurotransmitter (e.g.caged-glutamate).

Many papers have reported the studies of neuronal response kinetics using
photochemically released neurotransmitters59–65. For example, methods in
electrophysiology with caged compounds are used to monitor the kinetics of ion channel
opening and closing in response to photoreleased neurotransmitters. Grewer et al.81
studied the chemical kinetics of the glycine receptor with a nitrobenzyl protected caged
compound, specifically the α-carboxy-2-nitrobenzyl (αCNB) ester of glycine, which has
a quantum yield of 0.38 at 308 nm. This provided a useful tool for studying the functions
of the glycine receptor as well as the effect of mutations on the protein. Kandler et al.82
used p-hydroxyphenacyl protected glutamate in the study of glutamate receptors along
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the dendrites of hippocampal cells. They showed that repeated photorelease of glutamate
at one site ultimately depressed further neuronal response to the photoreleased glutamate,
while the reaction at other locations along the dendrite remained undepressed.
1.7.2. Caged Nucleotides and Nucleosides.
Caged ATP4 and cAMP6 were the first caged compounds to be synthesized and
uncaged in living cells. Caged ATPs have been applied in many areas of research after
Kaplan introduced their first application to study the Na:K pump in the human red blood
cell Ghost. The enzyme Na+/K+-ATPase uses free energy from the hydrolysis of ATP to
cause structural changes that pump Na+ and K+ ions across the cell membrane. Kaplan et
al.4 used caged ATP as a stable source of ATP, unmetabolizable by intracellular ATPases
until the ATP is released following irradiation. Pratab et al.83 and Stolz et al.84 used
dimethoxybenzoin caged-ATP and P3-1-(2-nitrophenyl)ethyl ATP (NPE caged-ATP),
respectively, in the study of structural changes induced by ATP to the protein enzyme
Na+/K+-ATPase. Another application is in the bioluminescence induced by photorelease
ATP on the firefly luciferase system which is used in the rapid assessment of hygienic
practices in the food industry. Calvert et. al.85 reported the use of caged-ATP (ATPnitrophenol ester) as an internal source of an ATP standard to quantify the effects of
industrial cleaning solutions, alcoholic beverages, and pH on firefly luciferase activity.
Caged cAMP has been widely used to unravel many cAMP signaling pathways and
mechanisms in biological processes.
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1.7.3. Caged Calcium.
The caging strategy for caged Ca2+ is based on chelator molecules that change
their affinity for Ca2+ upon irradiation (Scheme 1.9). Thus, for caged Ca2+, the efficiency
of caging will be defined by their affinity for Ca2+ before and after photolysis. Chelators

Scheme 1.9. Photorelease of Ca2+ from Azid-1.
with higher affinity will load more Ca2+ before [Ca2+]free reaches an activating level, and
if the photoproduct affinity is low, more Ca2+ is released by photolysis. Photolabile
derivatives with high affinity for calcium chelators that have been synthesized are
BAPTA, EDTA, and EGTA. These molecules decrease their affinity for calcium upon
irradiation, thus uncaging some of the bound calcium. Various caged Ca2+ such as 1-(4,5dimethoxy-2-nitrophenyl)-EGTA, DM-nitophen, DM-nitrophen, and NP-EGTA are
commercially available and have been used in several biological experiments86–88 that
involve Ca2+ regulated processes like muscle contraction, secretion of neurotransmitters
and enzymes, synaptic plasticity, cell motility, and wound healing.
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1.7.4. Caged Peptides and Protein.
Peptides and proteins have been caged with commercially available reagents that can
covalently modify specific amino acid residues. Synthetic peptides can selectively inhibit

Figure 1.5.89 Caged-phosphopeptid is unable to bind target protein (B) Irradiation of
caged phosphopeptide releases free phosphoserine-containing peptide. (C) Released
phosphoserine-peptide binds to the protein, thereby modulating the fluorescence
properties the amino acid.

protein activity. These can be photoreleased from a caging group to interfere with the
function of a protein in the cellular processes. One approach is to introduce an amino acid
previously protected with a photolabile group at the desired position using solid-phase
peptide synthesis67,68,89. Imperiali et al89 reported the first example of the use of caged
phosphopeptides (phosphoserine peptides) for the study of phosphorylation-dependent
biological interactions (Figure 1.5).
1.7.5. Caged mRNA and DNA.
The control of genetic function can be done by caging large mRNA or DNA
fragments. The direct multi-site caging of mRNA72,90,91 and DNA73 with a reactive diazo
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coumarin chromophore can efficiently inactivate the molecules Bhc-caged mRNA.
Okamoto et al72 reported the used of Bhc-caged RNA/DNA in photo-mediated gene
activation in the zebrafish embryo. They showed that Bhc-caged green fluorescent
protein (Gfp) mRNA can severely reduce translational activity in vitro, whereas
illumination of Bhc-caged mRNA with ultraviolet light leads to partial recovery of
translational activity.
1.7.6. Applications in Synthesis.
Photoremovable protecting groups have been applied in the light-directed synthesis of
high-density arrays of peptides92 and oligonuclotides93,94 (biochips). In conjunction with
solid-state synthesis and photolithography, thousands of different sequences at specific
locations on a surface can be synthesized. In this technique, the protected ‘building

Figure 1.6.94 light directed synthesis of oligonucleotides. A surface bearing
photoprotected hydroxyls (X-O) is illuminated through a photolithographic mask (Mi),
generating free hydroxyl groups in the photodeprotected regions. The hydroxyl groups
are then coupled to a deoxynucleoside phosphoramidite (5'-photoprotected). A new mask
pattern (M2) is applied, and a second photoprotected phosphoramidite is coupled. Rounds
of illumination and coupling are repeated until the desired set of products is obtained
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blocks’ are attached to a solid support and irradiated through a mask. Selective
deprotection occurs on the molecules exposed to light while leaving the others
unchanged. The exposed functional groups can then be coupled with a second ‘caged’
molecule. Irradiation with a different mask will lead to photoactivation of another set of
molecules, which are now free to react. These irradiations and coupling steps can then be
repeated with varying mask patterns and different compounds that will lead to the
synthesis of the biochip (Figure 1.6).94
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CHAPTER 2
REVERSIBLE TRIPLET EXCITATION TRANSFER IN A
TRIMETHYLENE-LINKED THIOXANTHONE AND BENZOTHIOPHENE-2CARBOXANILIDE THAT PHOTOCHEMICALLY EXPELS LEAVING GROUP
ANIONS EFFICIENTLY

2.1. Introduction.
The research in this area has focused on photochemical rearrangements that
produce putative zwitterionic intermediates, which are capable of expelling leaving group
anions having a wide range of basicities. Recent examples of such photochemistry are
the anilides of benzothiophene-2-carboxamides, where various leaving groups are
incorporated at C-3 of the thiophene ring (Scheme 2.1). Chemical yields of the released
leaving groups are typically quantitative, and quantum yields range from 0.1 to 0.2,
depending on the leaving group basicity.39
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Scheme 2.1 Photoremovable protecting groups based on zwitterionic intermediate from
benzothiophene-2 carboxanilide.
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An attempt to extend the photochemistry to longer wavelengths by replacing the
N-phenyl group of the benzothiophene carboxanilide with a thioxanthone chromophore
gave mixed results. Quantitative expulsion of chloride and thiolate leaving groups by
photolysis at 386 nm was achieved (Eq. 2.1), but the quantum yields were rather low (
= 0.01-06)40 and depended on the basicity of the LG-.40
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We recently observed that thioxanthone can bimolecularly sensitize leaving group
release from the benzothiophene-2-carboxanilide 7 with quantum yields as high as Φ =
0.41, depending on the concentration of the anilide (Eq. 2.2) (vide infra). The original

CH3
O
N

O
+

Cl

S

CH3
N
O

h
395 nm
S

buffer
aq dioxane

S + HCl

CO2H
7

2.2

CO2H
8

Fig
ure 2.1.
Crystal
structure
explanation based on endothermic triplet energy transfer was thus called intoand
question.
crystal
packing of
The observed efficient intermolecular sensitized photolysis of anilide 7 withbenzothiop
thioxanthone
hen-2carboxanili
de 72.2

28
suggested that the direct attachment of the thioxanthone chromophore to the nitrogen of
the carboxamide in 5 was too restrictive and inhibited the triplet excitation transfer from
thioxanthone to the benzothiophene ring system via either through space or through bond
mechanisms.48,49,95–97 It is also possible that the electrocyclization of the benzothiophene
and thioxanthone is subject to an unfavorable substituent effect.
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Scheme 2.2 Photorelease of leaving groups from trimethylene-linked thioxanthone and
benzothiophene-2-caboxanilide.

In this chapter, we report the results obtained when the thioxanthone triplet
energy donor is covalently attached to the benzothiophene-2-carboxanilide nitrogen via a
flexible trimethylene chain 12 and 13 (Scheme 2.2). When linked together in this fashion,
the thioxanthone undergoes triplet energy transfer to the benzothiophene ring system
reversibly. Since the reversible energy transfer and ensuing electrocyclization with the
release of LG- occur within the lifetime of the thioxanthone triplet excited state, the
overall photochemistry is efficient. Thus, ten-fold higher quantum yields are observed for
leaving group expulsion from 12a, Φ = 0.41, whereas 40 for 5 for LG- = Cl-.
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The studies reported herein were initially prompted by the aforementioned that
thioxanthone sensitized photolysis of anilide 7 in equation 2.1, where it was found that
the sensitized quantum yield strongly increased with increasing concentration of
benzothiophene-2-carboxanilide 7, the triplet energy acceptor.
Given the high efficiencies for LG- expulsion observed for the flexible system
12a, synthetic efforts were made to incorporate a variety of LG- at C-3 of the
benzothiophene-2-carboxanilide for photochemical studies of derivatives 12a, c-e, h, and
13 f, g. We note that the C-3 hydroxyl group in 9c enabled attachment of the acetate
leaving group of 12h, while 13c was the precursor to the phosphate ester and
phenylacetate derivatives 13f, g.
2.2. Results.
Most of the photochemical studies of trimethylene-linked benzothiophene used
compound 12a, which was synthesized according to Scheme 2.3. Its synthesis involved
the coupling of acid chloride 18 with the trimethylene-tethered aniline 17 to give ester
13a, followed by demethylation of the methyl ester with trimethyl tin hydroxide to obtain
12a. The C-3 hydroxyl-substituted compound 12c was obtained via an analogous route
involving the coupling of acid chloride 19 to alkyl aniline 17, followed by demethylation
of the aromatic methoxide 13b using BBr3. Further demethylation of ester 13c using
trimethyl tin hydroxide then furnished 12c. Various leaving groups could be introduced
at the C-3 position using 12a, c, and 13a, c as the reactants.
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Scheme 2.3. Synthesis of trimethylene-linked compounds

Synthesis of trimethylene tethered aniline 17 was achieve in two steps (Scheme
2.4). Commercially available thiosalicyclic acid and 3-bromo-1-phenylpropane in sulfuric
acid gave 2-(3-Bromopropyl)-9H-thioxanthene-9-one 16 using literature method.98
Nucleophilic substitution of 16 using aniline and NaH in THF afforded the trimethylene
tethered aniline 17.
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Scheme 2.4. Synthesis amine 17.

2.2.2 The synthesis of acid Chlorides 18 and 19.
The synthesis begins with commercially available 4-formylbenzoic acid 20
(Scheme 2.5). The Carboxylic acids group was protected with a methyl ester by heating

Scheme 2.5. Synthesis of acid chloride 18.

21 with methanol and thionyl chloride. Benzoate 21 then undergoes Knoevenagel
condensation with malonic acid and piperidine in pyridine to give 82% of cinnamic acid
22. Cyclization of 22 with thionyl chloride in chlorobenzene afforded benzothiophene
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acid chloride 15 in 56% yield. The acid chloride was refluxed overnight in water to give
the corresponding carboxylic acid 23.
The synthesis of acid chloride 19 required the substitution of the C-3 chloro group
to a C-3 methoxy group of the carboxylic acid 23. This could not be performed directly
without oxidizing the sulfur, contrary to previous reports by Svoboda et al. 99 of the
Cl
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S

MeO2C

PhH
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19

27
Scheme 2.6. Synthesis of acid chloride 19
successful substitution of the C-3 chloro group of methyl 3-chlorobenzo[b]thiophene-2carboxylate with NaOMe/CH3OH in DMF. Literature reports100,101 have stated the
impossibility of the direct substitution of chloride attach to the sp2 carbon of
benzothiophene ring. For the reaction to occur, the sulfur must be oxidized (Scheme 2.6).
The synthesis proceeds with oxidation of the carboxylic acid 23 to give crude sulfoxide
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24, which was esterified to obtain tert-butyl ester 25. The oxidation was problematic, in
that sulfoxide 24 always contained some unoxidized 18, which could not be removed by
crystallization or chromatography until two steps later in the synthesis, in which case
column chromatography of 26 was used. Note that attempts to completely oxidize 23 by
use of excess H2O2 also gave an additional product that was suspected to be the
corresponding sulfone.101 The overall yield of 26 starting from 23 was ca. 20%. The
reduction of sulfoxide 26 to give 27 also converted the tert-butyl ester into the
corresponding carboxylic acid. While the sulfoxide reduction is normally performed with
methyltrichlorosilane,16 trimethylchlorosilane is just as effective. The acid chloride 19
was obtained by refluxing 27 with thionyl chloride in benzene.
2.2.3. Attaching Leaving Groups.
With compounds 12c and 13a, c various leaving groups could be introduced at the C-3
position of the benzothiophene ring system (Scheme 2.7). Nucleophilic aromatic
substitution of 13a by benzyl mercaptan was effected at 60 °C with DBU in DMF and
gave 12d in 67% yield. Demethylation of the ester occurred during the course of the
reaction. The analogous reaction of 13a with thiophenol also gave 12e in 70% yield.
Upon treatment of 13c with sodium hydride in THF, reaction with diethyl
chlorophosphate produced 13f in 45% yield, while similar reaction with phenylacetyl
chloride gave 13g in 47% yield. On the other hand, the C-3 acetate derivative 12h and
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Scheme 2.7. Attaching leaving groups to tethered-thioxanthone trimethylene-linked
compounds.

13h were obtained by heating 12c and 13c respectively with acetic anhydride followed by
aqueous workup.
The synthesis of benzothiophene-2-carboxanilide 7 involves the coupling of acid
chloride 15 with aniline to give methyl ester 28 followed by demethylation of the methyl
ester with trimethyl tin hydroxide to obtain 7 in 90% yield (Scheme 2.8).
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Scheme 2.8. Synthesis of benzothiophene-2-carboxanilide 7

2.3. Crystal Structures.
2.3.1. Crystal Structure of Benzothiophene-2-carboxamide (7)
The molecule has a folded conformation; the benzothiophene and phenyl moieties
are cis-positioned. Both groups are nearly perpendicular to the central amide plane (no
conjugation) (Figure 2.1). The Crystal packing has anti-parallel benzothiophene moieties

Figure 2.1. Crystal structure and crystal packing of benzothiophen-2-carboxanilide 7
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that are stacked pairwise. The molecules form H-bonded dimers through H-bonds
between their carboxyl groups.
2.3.2. Crystal Structure of Trimethylene-Linked Ester 13a.
The structure of the molecule has an extended conformation (with both S atoms oriented
in the same direction relative to the plane of the amide group). The trimethylenethioxanthone and the benzothiophene moieties are transoid (Figure 2.2). The all-transoid
trimethylene bridge is also essentially orthogonal to the amide group and lies in the plane
of the thioxanthone moiety. The crystal packing has anti-parallel thioxanthone moieties
form stacks along y-axis. The benzothiophene moieties do not stack forming just
antiparallel dimers

Figure 2.2. Crystal structure and crystal packing of trimethylene-linked ester 13a
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2.3.3. Crystal Structure of Photoproduct 15a.
The structure description shows 2 symmetrically independent molecules having a very
similar L-shaped conformation with mutually orthogonal aromatic moieties because of
the trans, gauche-conformation of the trimethylene bridge (Figure 2.3). The crystal

Figure 2.3. Crystal structure and crystal parking of the photoproduct trimethylene-linked
ester 15a
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packing of the molecules form a quasi-centrosymmetric dimer (that may facilitate the
racemic twinning). Overall (see the scheme below), their dibenzothiophene lactone
moieties form regular antiparallel stacks along y-axis whereas the thioxanthone moieties
form much less regular stacks (dihedral angle between adjacent moieties ~16º) in an
orthogonal x-direction.
2.3.4. Crystal Structure of Compound 13e (LG = PhS-).

The structure contains two symmetrically independent molecules having different
(by ~180°) orientation of benzothiophene moiety relative to an amide group. In both
molecules, trimethylene-thioxanthone and benzothiophene moieties are trans-positioned
Figure (2.4). The cis-positioned benzothiophene and N-phenyl substituents are almost

Figure 2.4. Crystal structures of trimethylene-linked ester 13e
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perpendicular to the plane of the central amide group. The all-transoid trimethylene
bridge is also essentially orthogonal to the amide group but lies in the plane of the
thioxanthone moiety. The thiophenyl group is librationally disordered in both molecules.

Figure 2.5. Crystal parking of trimethylene-linked ester 13e.

The crystal packing has anti-parallel thioxanthone moieties alternating in stacks
along x axis. The corresponding stacks of benzothiophene moieties are loose and are
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affected by disorder. There are channels along x-axis adjacent to the loose
benzothiophene stacks. Their thiophenyl substituents fill out the channels along with
solvent molecules of MeCN. The disorder of the thiophenyl groups can be related to a
partial loss of solvent by the crystals (MeCN population is only 65%).
2.3.5. Crystal Structure of sulfoxide (26).
The carbomethoxy and methoxy substituents are pi-conjugated with the central
benzo-thiophene moiety (dihedral angles 12.8 and 10.5°, respectively). The carbo-t-

Figure 2.6. Crystal structure and crystal parking of sulfoxide 26
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butyloxy group deviates from the conjugation by 27.0°. It is noteworthy that the cyclic
sulfur(IV)monoxide is chiral, but the crystal is formed by the racemate. The crystal
packing of the molecules forms loose stacks along z-axis.
2.4. Absorption Spectra.
The absorption spectrum of reactant 12a exhibits max = 385 nm ( 6020 M-1 cm1

) (Figure 1), while photoproduct 13 has a structured band centered at max = 365 nm (

9070 M-1 cm--1). In contrast, a long wavelength absorption was observed in the 330-340
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Figure 2.7. Absorption spectra of reactant 12a (—) and photoproduct 13 (----).
Concentrations were 3.37 x 10-5 M and 3.43 x 10-5 M, respectively in 20% water and
80% dioxane containing 10 mM phosphate buffer.
nm region of the previously reported40 methyl ester of photoproduct 6, which was
obtained from the methyl ester of 5 (LG- = Cl-). Like 13, no 330-340 nm band was
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observed for benzothiophene-2-carboxanilide photoproduct 8, and this is also true for the
methyl ester photoproduct 8 obtained upon photolysis of the methyl ester of 7.
Therefore, the long wavelength absorption band exhibited by the methyl ester of 6 is
evidently due to the extended conjugation of the ring-fused thioxanthone that is inherent
in photoproduct 6.

2.5

2

A

1.5

1

0.5

0
250

300

350

400

450

500

wavelength

Figure 2 8 Absorption spectrum of 3.21 x 10-5 M 12a (_____) and 2.86 x 10-5 M (-----) of
each of thioxanthone and anilide 7 in 80% dioxane and 20% aqueous 100 mM potassium
phosphate buffer at pH 7.2.

Minor differences were observed between the absorption spectrum of the linked
benzothiophene/thioxanthone system 12a and that of an equimolar mixture of
thioxanthone and benzothiophene-2-carboxanilide 7 (Figure 2.7). Possible weak
interaction of the linked thioxanthone and benzothiophene-2-carboxamide moieties was
manifested by a 6 nm red shift in wavelength to 385 nm and a shift from 255 nm to 259
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nm in the linked system. Otherwise, the linked system mostly resembled the sum of the
absorptions of the isolated molecules. Thioxanthone absorbs light in the 380-400 nm
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Figure 2.9. Absorption spectrum
6.84Absorption
x 10-6 M thioxanthone (-----) and 7.12 x 10-5 M
Figureof2.2.
_____
anilide 7 (
) in 80% dioxane and 20% aqueous 100 mM potassium phosphate buffer at
pH 7.2.
spectrum of 6.84 x 10-6 M
thioxanthone (-----) and 7.12 x
region, whereas N-methyl benzothiophene-2-carboxanilide 7 absorbs light at much
10-5 M anilide 7 (_____) in 80%
shorter wavelengths below 360 nm. In the trimethylene-linked system, light at 390 nm
dioxane and 20% aqueous 100
will be entirely absorbed by the thioxanthone chromophore and not by the
mM potassium phosphate buffer
benzothiophene moiety (Figure 2.8).
at pH 7.2.Wavelength, nm
The absorption spectra of anilide 7 and its corresponding photoproduct 8 were
taken in 80% dioxane and 20% aqueous 100 mM potassium phosphate buffer at pH 7.2
(Figure 2.9). At lower concentrations, the compound shows an absorption maximum
below 300 nm which tailed out into the 300-350 nm region. Direct photolysis of anilide 7
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was done at 310 nm. The photoproduct 8 of anilide 7 shows a maximum absorption
below around 264 nm that sharply tail to 286 nm.
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Figure 2.10. Absorption spectrum of 1.36 x 10-4 M anilide 7 (_____) and 4.01 x 10-5 M
photoproduct 8 (-----) in 80% dioxane and 20% aqueous 100 mM potassium phosphate
buffer at pH 7.2

2.5. Experimental Section.
2.5.1. Chemicals and General methods.
Chemicals were purchased from Sigma-Aldrich, VWR, and Fisher Scientific.
Compounds were used as received unless otherwise noted. The 1H and 13C NMR spectra
were recorded on a Varian 300 or 400 spectrometer. Solutions required for the
actinometry was prepared using the procedure reported by Zimmerman.102 HRMS spectra
were collected using a Shimadzu LCMS-IT-TOF instrument at the Department of
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Chemistry and Biochemistry UW-Milwaukee, Milwaukee, Wisconsin. Midwest Micro
Lab, LLC, Indianapolis, Indiana 45250, performed all elemental analyses. All melting
point determinations were made with a Fisher-Johns melting point apparatus. UV
absorption spectra were obtained using by a Cary 5000 UV spectrophotometer. GC-MS
analysis was done using an Agilent 6850 GC-MS spectrometer with a HP-5 (5%
phenylmethyl polysiloxane) column (30 m×0.32 mm×0.25 μm). Crystal data sets were
collected with an Oxford SuperNova diffractometer using Mo(Kα) radiation at 100K.

2-(3-Bromopropyl)-9H-thioxanthene-9-one (16). The compound was
synthesized by the method that was previously reported for the synthesis of 2-(2bromoethyl)-9H-thioxanthene-9-one.98 To 30 mL of concentrated sulfuric acid was
slowly added 3.20 g, 20.6 mmol) of thiosalicylic acid while stirring at room temperature.
The reaction mixture was stirred for 15 minutes. To the mixture of acid was added 13.4
mL (88.0 mmol) 3-bromo-1-phenylpropane over 30 min. The reaction mixture was
stirred at room temperature for 2 h and then slowly brought to 80 °C and stirred for 24 h.
The reaction was then slowly poured into 300 mL of ice and water and left to stand for
about 2 h to form a yellow precipitate. Both the aqueous supernatant and the precipitate
were extracted with DCM and the combined extracts were concentrated in vacuo to
obtain the crude product. The crude product was crystallized from methanol to give 3.3 g
(47% yield) of a 90:10 mixture of the desired 2-(3-bromopropyl compound and the minor
3-(3-bromopropyl compound as a colorless solid, according to NMR analysis.
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Recrystallization from methanol gave nearly pure 2-(3-bromopropyl isomer, mp 95–97
°C. HRMS (ESI/ IT-TOF) m/z: [M + H]+ Calcd for C16H13OSBr 332.9943; Found
332.9909. 1H NMR (400 MHz, CDCl3) δ 8.63 (d, J = 8.1 Hz, 1H), 8.46 (s, 1H), 7.65 –
7.55 (m, 2H), 7.55 – 7.44 (m, 3H), 3.42 (t, J = 6.1 Hz, 2H), 2.93 (t, J = 7.4 Hz, 2H), 2.25
(tt, J = 7.4 Hz, 6.1 Hz, 2H). 13C NMR (75 MHz, CDCl3) δ 180.1, 139.3, 137.5, 135.2,
133.3, 132.4, 130.1, 129.4, 129.3, 126.4, 126.2, 34.1, 33.9, 33.0..

2-(3-(Phenylamino)propyl)-9H-thioxanthen-9-one (17). To a solution of 1.0
mL (11 mmol) aniline in 5 mL of anhyd THF was added 0.31 g (13 mmol) sodium
hydride with stirring in ice and water. The mixture was stirred at room temperature for
20 min under nitrogen and then slowly added to a solution of 1.4 g (4.2 mmol)
thioxanthone 16 in 15 mL of anhyd THF under nitrogen at room temperature. The
reaction was monitored by TLC using 20% EtOAc in hexane as eluent. After 48 h 20 mL
of satd aq NaHCO3 was added to the reaction. The mixture was extracted three times
with 25 mL DCM, and the combined extracts were washed with satd NaCl, dried over
anhyd Na2SO4, and concentrated in vacuo to give a semi-solid oil that subsequently
solidified at room temperature to give a dark yellow crude product. The crude product
was crystallized from ethanol to give 0.9 g (62 % yield) of shiny yellow crystals, mp 130
– 133 °C. HRMS (ESI/ IT-TOF) m/z: [M + H] + Calcd for C22H19NOS 346.1260; Found
346.1246. 1H NMR (400 MHz, CDCl3) δ 8.63 (ddd, J = 8.2, 1.4, 0.6 Hz 1H), 8.48 (dd, J
= 1.4, 0.6 Hz, 1H), 7.65 – 7.56 (m, 2H), 7.54 – 7.45 (m, 3H), 7.17 (dd, J = 8.6 Hz, J = 7.4
Hz, 2H), 6.70 (t, J = 7.4 Hz, 1H), 6.66 (d, J = 8.6 Hz, 2H), 3.19 (t, J = 7.1 Hz, 2H),
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2.88(t, J = 7.6 Hz, 2H), 2.03 (tt. J = 7.6, J = 7.1 Hz).

13

C NMR (75 MHz, cdcl3) δ 180.0,

148.2, 140.2, 137.4, 134.8, 133.0, 132.2, 129.9, 129.3, 129.2, 129.1, 129.0, 126.2, 126.1,
126.0, 117.3, 112.7, 43.3, 33.0, 30.9.

Methyl 3-Chloro-2-((3-(9-oxo-9H-thioxanthen-2yl)propyl)(phenyl)carbamoyl)benzo[b]thiophene-6-carboxylate (13a). To a mixture
of 1.3 g (3.5 mmol) carboxylic acid 18 in 30 mL anhyd benzene was added 5.0 mL (67
mmol) thionyl chloride with stirring. The reaction was refluxed for 12 h and then
concentrated in vacuo to give the corresponding acid chloride, which was used without
further purification. To a yellow solution of 1.30 g (3.47 mmol) amine 17 in 15 mL of
anhyd THF was slowly added 0.120 g (4.86 mmol) solid NaH, and the reaction mixture
was stirred at room temperature for 20 min under nitrogen. The benzothiophene acid
chloride in 15 mL of anhyd THF was added slowly to the reaction mixture while cooling
in an ice bath. The reaction mixture was allowed to warm to room temperature and stirred
under nitrogen in the dark for 24 h. After addition of 50 mL DCM the mixture was
filtered and concentrated in vacuo to give a crude product. Column chromatography of
the crude product on 60-200 mesh silica gel eluting with 10% ether in DCM in the dark
gave 1.3 g (63 % yield) of product as a colorless solid, mp 151-152 °C. Anal. Calcd for
C33H24ClNO4S2: C, 66.27; H, 4.04; N, 2.34. Found: C, 66.26; H, 4.16; N, 2.26. 1H NMR
(400 MHz, CDCl3) 8.61 (d, J = 8.6 Hz, 1H), 8.40 (br s, 1H), 8.36 (s, 1H), 8.00 (d, J = 8.6
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Hz, 1H), 7.74 (d, J = 8.6 Hz, 1H), 7.68 – 7.39 (m, 5H), 7.34 – 7.11 (m, 5H), 4.03 (br t, J
= ca. 8.0 Hz 2H), 3.92 (s, 3H), 2.85 (br t, J = ca. 7.2 Hz, 2H), 2.07 (br tt, J = 8.0, 7.2 Hz,
2H).

13

C NMR (75 MHz, CDCl3) δ 180.0, 166.5, 162.3, 141.2, 139.9, 138.7, 137.5,

137.4, 135.0, 134.9, 134.8, 133.1, 132.4, 123.0, 129.6, 129.3, 129.2, 129.1, 128.3, 127.7,
126.4, 126.2, 126.1, 124.8, 122.6, 120.6, 52.6, 50.1, 33.0, 29.4.

3-Chloro-2-((3-(9-oxo-9H-thioxanthen-2yl)propyl)(phenyl)carbamoyl)benzo[b]thiophene-6-carboxylic acid (12a). To 1.51 g
(2.51 mmol) of thioxanthone-linked ester 13a (1.51, g 2.51 mmol) in 30 mL 1,2dichloroethane was added 1.69 g (8.76 mmol) of trimethyltin hydroxideref as a solid. The
reaction mixture was stirred at 80 °C for 42 hrs in the dark. When TLC showed
completion of the reaction, the mixture was concentrated in vacuo and the residue was
dissolved in 50 mL of ethyl acetate. The ethyl acetate solution was washed three times
with 1N HCl, twice with satd aq NaCl, dried over anhyd Na2SO4, and concentrated in
vacuo to give crude product. The crude product was sequentially washed MeOH and
then with water and filtered to obtain 1.11g (76% yield) of the thioxanthone—linked acid
12a mp 274-276 °C. HRMS (ESI/ IT-TOF) m/z: [M + H] + Calcd for C32H22NO4S2Cl
584.0752; Found 584.0738. 1H NMR (400 MHz, d6-DMSO) δ 13.17 (br s, 1H), 8.56 (s,
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1H), 8.42 (d, J = 8.5 Hz, 1H), 8.24 (s, 1H), 7.93 (d, J = 8.5 Hz, 1H), 7.82 – 7.48 (m, 3H),
7.42 – 7.09 (m, 2H), 3.93 (br. t, 2H), 2.77 (br t, 2H), 1.88 (br tt, 2H). 13C NMR (75 MHz,
DMSO) δ 179.3, 167.4, 161.8, 141.3, 140.8, 138.0, 137.4, 137.2, 136.1, 134.7, 134.1,
133.4, 129.8, 129.7, 129.7, 129.0, 128.8, 128.5, 128.2, 127.3, 127.2, 127.1, 126.8, 125.8,
122.5, 118.8, 49.6, 32.6, 29.5.

Methyl 3-Methoxy-2-((3-(9-oxo-9H-thioxanthen-2yl)propyl)(phenyl)carbamoyl)benzo[b]thiophene-6-carboxylate (13b). The same
procedure was followed as in the synthesis of thioxanthone-linked ester 13a above. Used
1.23 g (4.62 mmol) of carboxylic acid 27 to obtain the acid chloride 19; and 1.33 g (3.85
mmol) of amine 17 was. The crude product was chromatographed on a 60-200 mesh
silica gel column eluting with initially with 20% ethyl acetate in hexane and progressing
to 30 % ethyl acetate in hexane to give 1.51 g (66 % yield) of the methoxybenzothiophene compound 13b, mp 157– 159 °C. HRMS (ESI/ IT-TOF) m/z: [M + H]+
Calcd for C34H27NO5S2 594.1403; Found 594.1380. 1H NMR (400 MHz, CDCl3) δ 8.59
(d, J = 8.1 Hz, 1H), 8.37 (br s, 1H), 8.25 (br s, 1H), 7.89 (dd, J = 8.4, 1.3 Hz, 1H), 7.67
(d, J = 8.4 Hz, 1H), 7.62 – 7.50 (m, 2H), 7.49 – 7.36 (m, 3H), 7.34 – 7.15 (m, 5H), 4.09
(s, 3H), 4.01 (br t, 2H), 3.88 (s, 3H), 2.80 (br t, 2H), 2.05 (br tt, 2H). 13C NMR (75 MHz,
CDCl3) δ 179.8, 166.6, 163.3, 141.7, 139.7, 137.3, 136.6, 135.6, 134.8, 132.8, 132.1,
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129.8, 129.3, 129.1, 129.0, 128.9, 127.8, 127.7, 127.5, 126.1, 126.1, 126.0, 124.8, 124.7,
121.8, 61.4, 52.3, 50.0, 32.8, 29.2.

Methyl 3-Hydroxy-2-((3-(9-oxo-9H-thioxanthen-2yl)propyl)(phenyl)carbamoyl)benzo[b]thiophene-6-carboxylate (13c). To a solution
of 1.41 g (2.37 mmol) of 3-methoxybenzothiophene ester 13b in 30 mL of DCM in a dry
ice and acetone bath was slowly a solution of 5.00 mL (5.00 mmol) of 1 M BBr3 in DCM.
The reaction mixture was stirred for two hours and then slowly warmed to room
temperature and stirred for 1 h. The reaction mixture was quenched by addition of 50 mL
of water. The aqueous layer was separated and extracted three times with DCM. The
combined extracts were washed with satd NaCl and dried over anhyd MgSO4. After
removal of the solvent in vacuo, the crude solid was triturated with hot ethanol to obtain
1.11 g (80% yield) of NMR pure pale tan powder, mp 180 – 181 °C. HRMS (ESI/ ITTOF) m/z: [M + H]+ Calcd for C33H25NO5S2 580.1247; Found 580.1212. 1H NMR (400
MHz, CDCl3) δ 13.20 (s, 1H), 8.56 (d, J = 8.0 Hz, 1H), 8.38 (s, 1H), 8.06 (s, 1H), 7.88 (s,
2H), 7.61 – 7.20 (m, 10H), 3.91(br t, J = ca. 7.3 Hz, 2H), 3.87 (s, 3H), 2.79 (br t, J = ca.
7.8 Hz, 2H), 2.04 (br tt, J = ca. 7.8, 7.3 Hz, 2H). 13C NMR (101 MHz, CDCl3) δ 179.7,
167.0, 166.5, 161.0, 139.7, 139.6, 138.3, 137.24, 134.77, 132.93, 132.77, 132.08, 130.24,
130.07, 129.86, 129.72, 129.41, 129.03, 128.98, 128.85, 127.0, 126.1, 125.9, 124.4,
124.3, 122.4, 104.9, 52.3, 50.4, 32.8, 28.9.
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Methyl-4-formylbenzoate (21). To a solution of 10 g (67 mmol) 4formylbenzoic acid 36 in 200 mL of anhydrous methanol was added, dropwise, 10 mL
(137 mmol) thionyl chloride at 0 ˚C under nitrogen. The resulting solution was slowly
brought to room temperature and the heated at 40 ˚C for 6 h. The solvent was removed in
vacuo to give 10.4 g (94%) yield of pure compound, mp 52-53; 1H NMR (CDCl3,400 Hz)
δ 3.98 (s, 3H0, 7.96 (d, J = 6.69, 2H), 8.20 (d, J = 6.69, 2H), 10.11 (s, 1H)

4-Methoxycarbonylcinnamic acid (22). To a solution of 3.8 g (23.0 mmol) of
methyl-4-formylbenzoate 21 in 30 ml of pyridine was added 3.1 g (30 mmol) of malonic
acid under nitrogen at room temperature 1 mL of piperidine (cat. amount) was added. The
resulting solution was refluxed for 6 h. or until the evolution of CO2 stopped. After
cooling at room temperature, the solution was poured onto an iced cool conc. HCl and
acidified to PH 2. The precipitate was filtered and washed several times with water to give
a crude product. The crude product crystallized from ethanol to give 2.8 g (82 % yield) of
colorless powder ,mp 235-236 ˚C; 1H NMR (CDCl3) 4.00 (s, 3H), 8.09 (d, 8.60 Hz, 1H),
8.15 (dd, 8.60, 1.36 Hz, 1H), 8.46 (s, 1H); 13C NMR (CDCl3) 52.8, 124.7, 124.9, 126.64,
130.1, 131.0, 132.6, 139.7, 139.9, 157.9, 165.9
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6-methoxycarbonyl-3-chlorobenzo[b]thiophene-2-carbonyl chloride (15)
To a mixture of 10.0 g (48 mmol) cinnamic acid 22 in 100 ml of chlorobenzene
was added 52 mL (72 mmol) of thionyl chloride. The resulting mixture was stirred at
room temperature for 30 min. followed by drop wise addition of 0.8 mL of pyridine. The
resulting solution was set to reflux for 72 h. The hot solution was filtered to removed
solid salts. The filtrate crystallized to form yellow needles that were filtered and washed
with cooled hexane to give 8.2 g (56 % yield) of 15, mp 189-190 ˚C; 1H NMR (CDCl3,
400 Hz) δ 4.00 (s, 3H), 8.03 (d, J = 9.2 Hz, 1H), 8.15 (d, J = 9.2 Hz, 1H), 8.55 (s, 1H);
C NMR (CDCl3, 400 Hz) δ 52.74, 124.73, 124.90, 126.64, 130.17,131.09, 132.60.

13

139.65, 139.87, 158.03, 165.88

2-(3-chloro-6-(methoxycarbonyl)-1-oxidobenzo[b]thiophen-2-yl)-2-oxoacetic
acid (24). To a solution of 5.1 g (23 mmol) of carboxylic acid 23 in 50 mL of anhydrous
CH2Cl2 was added 50 mL of trifluoroacetic acid followed by stirring at room temperature
for 5 m, and 3.0 mL (24 mmol) of 30% H2O2 was then added. The reaction mixture was
overnight. Addition of 150 mL of water was followed by stirring 2 h. The product
mixed with unreacted starting material precipitated and the precipitate were obtained by
filtration and washed with water and DCM to give 4.8 g of product containing 20-30% of
starting material. This material had to be used for the next step since further purification
to separate the oxidized and unoxidized acid would have been difficult.
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2-(tert-butyl) 6-methyl 3-methoxybenzo[b]thiophene-2,6-dicarboxylate 1oxide (26). To a suspension of 5.00 g (41.7 mmol) MgSO4 and 0.57 mL (10 mmol) of
99.99% H2SO4 in 50 mL of DCM, stirred for 15 m, was added 2.98 g (10.4 mmol) of
impure acid 24 from the previous step. After stirring for 1 m 5.00 mL (51.0 mmol) of
tert-butyl alcohol was added, and the reaction mixture was stirred at room temperature for
48 h. Afterward, 500 mL satd NaHCO3 was added. The aq phase was extracted with
DCM, and the combined extracts were washed with satd NaCl and dried over MgSO4.
The solvent was removed in vacuo to give an impure light yellow solid product, which
was a mixture. Silica gel (60-200 mesh) chromatography of a small sample afforded
nearly NMR pure ester 25 mp 165-168 ˚C, which gave the following spectral data: 1H
NMR (400 MHz, CDCl3) δ 8.44 (s, 1H), 8.32 (d, J = 8.0 Hz, 1H), 7.65 (d, J = 8.0 Hz,
1H), 3.99 (s, 3H), 1.61 (s, 10H). 13C NMR (75 MHz, CDCl3) δ 196.69, 164.94, 162.13,
153.02, 139.79, 135.68, 134.26, 130.68, 124.06, 121.06, 101.73, 83.19, 52.54, 29.61.
However, the bulk of the material was carried onward through the next synthetic step to
give a product which could be purified by column chromatography. The above procedure
was repeated.
To a solution of 4.9 g of the above mixture containing (ca. 8 mmol) of the tertbutyl ester 25 by 1H NMR spectroscopy in 120 mL of anhyd CH3CN was added 3.4 g (63
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mmol) of solid sodium methoxide in portions followed by 20 mL of anhyd methanol
under nitrogen at room temperature. The reaction mixture was stirred at 40 ˚C for 6 h. To
the reaction mixture was added 100 mL of water and the mixture was extracted with
DCM. The combined extracts were washed with satd NaCl and dried over with anhyd
MgSO4, followed by concentration in vacuo to give a yellow oil. The crude product was
chromatographed on silica gel (60-200 mesh) eluting with 20% ethyl acetate in hexane to
give 1.9 g (ca. 56 % yield) of NMR pure colorless crystalline solid of 26, mp 81-82 °C.
1

H NMR (400 MHz, CDCl3) δ 8.22 (s, 1H), 8.00 (d, J = 8.0 Hz, 1H), 7.46 (d, J = 8.0 Hz,

1H), 4.14 (s, 1H), 3.77 (s, 1H), 1.43 (s, 3H).

13

C NMR (101 MHz, CDCl3) δ 164.98,

161.34, 160.02, 142.68, 137.60, 133.21, 132.83, 126.65, 123.30, 120.11, 83.30, 62.54,
52.52, 28.01.

3-Methoxy-6-(methoxycarbonyl)benzo[b]thiophene-2-carboxylic acid (19).
To a solution of 1.41 g (4.32 mmol) of 20 in 60 mL of CH3CN was added 1.62 g (10.80
mmol) of NaI followed by dropwise addition of 1.37 mL (1.17 g, 10.80 mmol) of
chlorotrimethylsilane at room temperature under nitrogen. The mixture was stirred at
room temperature for 12 h. The reaction mixture was poured into 50 ml of 1 N HCl and
then extracted three times with ethyl acetate. The combined ethyl acetate extracts were
washed twice with 30 mL of 0.5 M sodium thiosulfate, twice with satd NaCl, dried over
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anhyd sodium sulfate, and concentrated in vacuo to give 1.21 g (42% yield) of colorless
solid carboxylic acid, mp 119-120 ˚C.

HRMS (ESI/ IT-TOF) m/z: [M - H]- Calcd for

C12H10O5S 265.0176; Found 265.0144. 1H NMR (400 MHz, DMSO) δ 13.6 (br s, 1H),
8.61 (s, 1H), 7.95 (s, 2H), 4.06 (s, 3H), 3.88 (s, 3H).

13

C NMR (75 MHz, DMSO) δ

166.5, 163.0, 155.4, 137.4, 137.3, 129.4, 125.9, 125.5, 123.4, 120.7, 63.2, 53.1

Methyl 3-chloro-2-(methyl(phenyl)carbamoyl)benzo[b]thiophene-6carboxylate. To a solution of 1.3 g (4.5 mmol) of carboxylic acid 23 in 25 mL anhyd
benzene was added 10.0 mL (16.4 g, 138.0 mmol) of thionyl chloride, and the reaction
mixture was refluxed for 12 h. After concentrating in vacuo, the acid chloride 18 was
used in the next synthesis without further purification. To a solution of 0.53 mL (0.54 g,
5.8 mmol) in 15 mL of anhyd THF was slowly added 0.14 g (6.0 mmol) of sodium
hydride followed by stirring for 20 minute under nitrogen at room temperature. A
solution of the above acid chloride 18 in 15 mL of THF was then added slowly while
cooling in an ice bath. The reaction mixture was allowed to warm slowly to room
temperature and stirred in the dark for 24 h. A 50 mL portion of DCM was added, and
the mixture was filtered and concentrated in vacuo to give crude amide as an oil. This
was chromatographed on silica gel (60-200 mesh) eluting with 20% ethyl acetate in
hexane to give 1.5 g (90 % yield) of colorless crystalline amide, mp 118-119 ˚C. Calcd
for C18H14NO3SCl 360.0456; Found 360.9909. Anal. Calcd for C18H14NO3SCl C, 60.08;
H, 3.92; N, 3.89. Found: C, 60.02; H, 4.00; N, 3.89. 1H NMR (300 MHz, CDCl3) δ 8.35
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(s, 1H), 7.99 (d, J = 8.1 Hz, 1H), 7.72 (d, J = 8.1 Hz, 1H), 7.30 – 7.06 (m, 5H), 3.89 (s,
3H), 3.51 (s, 3H).

13

C NMR (75 MHz, CDCl3) δ 166.6, 162.4, 142.8, 138.8, 137.5,

134.7, 129.4, 128.4, 127.9, 126.8, 126.1, 124.9, 122.7, 120.7, 52.6, 38.3..

3-Chloro-2-(methyl(phenyl)carbamoyl)benzo[b]thiophene-6-carboxylic acid
(7). The same procedure was followed as in the synthesis of tethered thioxanthone-linked
acid 12a. Used 3.10 g (8.62 mmol) of methyl ester of 5 and 4.67 g (25.85 mmol) of
trimethyl tin hydroxide. The carboxylic acid product was crystallized from ethanol to
give 2.55 g (86% yield) of colorless crystals, mp 148 -150 ˚C. HRMS (ESI/ IT-TOF) m/z:
[M + H]+ Calcd for C17H12NO3SCl 344.0154; Found 344.0122. 1H NMR (400 MHz, d6DMSO) δ 13.21 (s, 1H), 8.61 (s, 1H), 7.97 (d, J = 8.5 Hz, 1H), 7.76 (d, J = 8.5 Hz, 1H),
7.32 (d, J = 7.8 Hz, 2H), 7.26 (dd, J = 7.8, 7.2 Hz, 2H), 7.16 (t, J = 7.2 Hz, 1H), 3.41 (s,
3H).

13

C NMR (75 MHz, DMSO) δ 167.2, 161.6, 142.8, 137.9, 137.3, 135.7, 129.5,

129.4, 127.9, 127.0, 126.6, 125.6, 122.3, 118.8, 38.8.
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Methyl 3-((diethoxyphosphoryl)oxy)-2-((3-(9-oxo-9H-thioxanthen-2yl)propyl)(phenyl)carbamoyl)benzo[b]thiophene-6-carboxylate (13f). To a solution of
0.91 g (1.57 mmol) of 3-hydroxybenzothiophene ester 13c in 20 mL of anhyd THF was
added 0.05 g (2.13 mmol) of sodium hydride while cooling in an ice bath with stirring
under nitrogen. After stirring 20 min at ca. 0 °C 0.60 mL (0.71 g, 4.7 mmol) of diethyl
chlorophosphate was added via syringe slowly. The reaction was warmed to room
temperature and stirred for 24 h in the dark. Then 50 mL DCM was added followed by
gravity filtration celite. The filtrate was concentrated in vacuo to give a viscous oil. The
crude product was chromatographed on a 2.5 cm x 75 cm silica gel (60-200 mesh)
column eluting with 20% ethyl acetate in hexane to give 0.50 g (45 % yield) of an NMR
pure, colorless crystalline solid, mp 67– 69 °C, upon drying under vacuum. HRMS (ESI/
IT-TOF) m/z: [M + H]+ Calcd for C37H34NO8PS2 716.1536; Found 716.1515. 1H NMR
(400 MHz, CDCl3) δ 8.60 (d, J = 8.1 Hz, 1H), 8.40 (s, 1H), 8.29 (s, 1H), 7.97 (d, J = 8.5
Hz, 1H), 7.81 (d, J = 8.5 Hz, 1H), 7.64-7.53 (m, 2H), 7.51 – 7.34 (m, 5H), 7.33 – 7.17
(m, 3H), 4.38-4.20 (m, 4H), 4.02 (t, J = 7.3 Hz, 2H), 3.90 (s, 3H), 2.85 (t, J = 7.4 Hz,
2H), 2.05 (tt, J = 7.4, 7.3 Hz, 2H), 1.35 (t, J = 7.1 Hz, 6H).

13

C NMR (300 MHz, CDCl3)

δ 180.1, 166.7, 161.9, 141.9, 140.3, 137.5, 136.6, 135.0, 135.0, 134.9, 133.2, 132.35,
130.04, 129.46, 129.40, 129.28, 129.24, 128.31, 128.22, 127.96, 126.36, 126.29, 126.21,
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125.55, 124.91, 122.2, 65.4 (d, JCOP = 6.0 Hz), 52.6, 50.1, 33.0, 29.3, 16.4 (d, JCCOP = 6.7
Hz).

Methyl 2-((3-(9-oxo-9H-thioxanthen-2-yl)propyl)(phenyl)carbamoyl)-3-(2phenylacetoxy)benzo[b]thiophene-6-carboxylate (13g). To a solution of 0.91 g (1.57
mmol) of ester 13c was added 0.045 g (1.88 mmol) of NaH in 20 mL of anhyd. THF
while cooling in an ice bath with stirring under nitrogen. After stirring 20 min at ca. 0 °C,
4.27 g (3.13 mmol) of phenylacetyl chloride in 5 mL anhyd. THF was slowly added to
the reaction mixture. The reaction was warmed to room temperature and stirred for 24 h
in the dark. Then 50 mL DCM was added followed by gravity filtration celite. The
filtrate was concentrated in vacuo to give a viscous oil. The crude product was
chromatographed on a 60-200 mesh silica gel column eluting with initially with 20%
ethyl acetate in hexane to give 0.52 g (47 % yield) of product 13g as colorless crystalline
solid, mp 155-157 °C. HRMS (ESI/ IT-TOF) m/z: [M + H]+ Calcd for C41H31NO6S2
698.1666; Found 698.1640. 1H NMR (300 MHz, CDCl3) δ 8.62 (d, J = 8.2 Hz, 1H), 8.41
(s, 1H), 8.24 (s, 1H), 7.90 (d, J = 8.5 Hz, 1H), 7.72 – 7.54 (m, 3H), 7.54-7.38 (m, 6H),
7.38-7.15 (m, 7H), 4.04 (s, 2H), 3.96 (t, J = 7.3 Hz, 2H), 3.89 (s, 3H), 2.80 (t, J = 7.3 Hz,
2H), 1.96 (tt, J = 7.3, 7.3 Hz, 2H).

13

C NMR (300 MHz, CDCl3) δ 180.2, 169.1, 166.7,

162.1, 141.8, 140.3, 137.6, 136.9, 134.95, 134.90, 133.37, 133.22, 132.37, 130.09,
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129.82, 129.75, 129.44, 129.29, 128.97, 128.62, 128.48, 128.4, 128.4, 127.7, 126.4,
126.3, 126.2, 125.9, 125.5, 124.8, 121.5, 52.6, 50.0, 41.4, 33.0, 29.2

3-Hydroxy-2-((3-(9-oxo-9H-thioxanthen-2yl)propyl)(phenyl)carbamoyl)benzo[b]thiophene-6-carboxylic acid (12c)
The same ester demethylation procedure was followed as in the synthesis of acid
12a. A solution of 1.10 g (1.90 mmol) of ester 13c and 1.03 g (5.69 mmol) of trimethyl
tin hydroxide in dichloroethane was stirred at 80 °C. Workup was as described for 12a.
The crude carboxylic acid product was triturated with hot methanol, washed with cold
methanol, and then with water to give 0.91 g (85% yield) of a colorless solid, mp 148150 ˚C. HRMS (ESI/ IT-TOF) m/z: [M +H]+ Calcd for C32H23NO5S2 566.1090; Found
566.1098. 1H NMR (400 MHz, d6-DMSO) δ 13.07 (br., 2H), 8.40 (d, J = 7.4 Hz, 1H),
8.25 (s, 1H), 8.13 (s, 1H), 7.89 – 7.37 (m, 12H), 3.85 (br t, 2H), 2.76 (br t, 2H), 1.88 (br
m, 2H).13C NMR (75 MHz, DMSO) δ 179.23, 167.4, 166.7, 159.8, 140.8, 140.0, 138.32,
137.2, 134.6, 134.0, 133.34, 132.9, 131.1, 130.6, 130.3, 129.7, 129.0, 128.9, 128.8, 127.2,
127.13, 127.1, 125.4, 124.8, 122.7, 105.9, 50.4, 32.6, 29.2.
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3-(Benzylthio)-2-((3-(9-oxo-9H-thioxanthen-2yl)propyl)(phenyl)carbamoyl)benzo[b]thiophene-6-carboxylic acid (12d). To a
solution of 0.71 g (1.2 mmol) ester 13a in 10 mL of anhyd DMF was added 1.2 mL (1.3
g, 8.4 mmol) of benzyl mercaptan followed by 0.88 g (5.7 mmol) of DBU. The reaction
mixture was stirred at 80 οC under nitrogen for 48 h. To the reaction mixture was added
20 mL of 1 N HCl. The mixture was extracted three times with ethyl acetate, the
combined extracts were washed with satd NaCl, dried over anhyd sodium sulfate, and
concentrated in vacuo to give crude product. The crude product was triturated with
methanol to give 0.15 g (67% yield) of 12d, mp 203-205 °C. HRMS (ESI/ IT-TOF) m/z:
[M - H]- Calcd for C39H29NO4S3 670.1186; Found 670.1155. 1H NMR (400 MHz, d6DMSO) δ 13.0 (br s, 1H), 8.52-8.39 (br m, 2H), 8.30 (br s, 1H), 7.96-7.45(m, 7H), 7.406.86 (m, 10H), 4.00 (s, 2H), 4.00 (br m, 2H), 2.86 (br m, 2H), 1.90 (br m, 2H).

13

C NMR

(75 MHz, d6-DMSO) δ 176.0, 164.2, 159.9, 142.6, 139.2, 138.3, 137.7, 135.2, 134.8,
133.9, 131.4, 130.8, 130.2, 126.5, 126.4, 126.2, 125.7, 125.6, 125.4, 125.1, 124.5, 123.96,
123.9, 122.9, 122.1, 121.6, 120.5, 46.1, 29.3, 26.4.
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2-((3-(9-oxo-9H-thioxanthen-2-yl)propyl)(phenyl)carbamoyl)-3(phenylthio)benzo[b]thiophene-6-carboxylic acid (12e). To a solution of 0.71 g (1.2
mmol) of thioxanthone-linked ester 13a in 10 mL of anhyd DMF was added 0.46 g (4.2
mmol) of thiophenol and 0.64 g (4.2 mmol) of DBU. The reaction mixture was stirred at
70 οC under nitrogen for 48 h. To the reaction mixture was added 20 mL of 1 N HCl and
the mixture was extracted three times with ethyl acetate. The combined extracts were
washed with satd NaCl, dried over anhyd sodium sulfate, and concentrated in vacuo to
give crude product. The crude product was chromatographed on a silica gel column (60200 mesh) eluting 3% methanol in DCM to give 0.55 g (71% yield) of product, mp 281283 °C. 1H NMR (400 MHz, CDCl3) δ 8.61 (d, J = 8.1 Hz, 1H), 8.47 (s, 1H), 8.40 (s,
1H), 7.90 (d, J = 8.5 Hz, 1H), 7.65 – 7.52 (m, 3H), 7.51 – 7.39 (m, 3H), 7.23 – 7.06 (m,
8H), 6.96 (d, J = 7.0 Hz, 2H), 4.03 (t, J = 6.9 Hz, 2H), 2.85 (t, J = 7.6 Hz, 2H), 2.05 (tt, J
= 7.6, 6.9 Hz, 2H).

13

C NMR (100 MHz, CDCl3) δ 180.0, 171.1, 163.1, 146.1, 142.2,

141.0, 139.9, 138.8, 137.4, 135.1, 134.8, 133.1, 132.2, 129.9, 129.34, 129.1, 129.1, 129.0,
128.98, 128.0, 127.99, 127.7, 126.7, 126.2, 126.1, 126.0, 125.4, 124.0, 122.9, 49.8, 32.84,
29.1
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Photochemical Synthesis of methyl 6-oxo-5-(3-(9-oxo-9H-thioxanthen-2yl)propyl)-5,6-dihydrobenzo[4,5]thieno[2,3-c]quinoline-9-carboxylate (15). A
solution of 205 mg (0.34 mmol, 6.9x10-3M) of thioxanthone-linked ester 13a in 50 mL
nitrogen saturated dioxane was irradiated with a 450 W Hanovia medium pressure
mercury lamp with a Pyrex filter for 3 h. The solution was then concentrated in vacuo
and the solid product was washed with water. The product was chromatographed on a
silica gel (60-200 mesh) column eluting with 5% ether in DCM to give 189 g (98 %
yield) of photoproduct, mp > 280 ˚C. HRMS (ESI/ IT-TOF) m/z: [M + H]+ Calcd for
C33H23NO4S2 562.1141; Found 562.1147. 1H NMR (400 MHz, CDCl3) δ 8.69 – 8.46 (m,
4H), 8.35 (s, 1H), 8.11 (d, J = 8.3 Hz, 1H), 7.68 – 7.31 (m, 8H), 4.53 (s, 2H), 4.00 (s,
3H), 2.96 (s, 2H), 2.27 (s, 2H).

13

C NMR (75 MHz, CDCl3) δ 180.7, 169.1, 159.4, 143.5,

142.0, 140.3, 139.4, 138.7, 136.5, 136.3, 136.0, 135.2, 134.8, 131.5, 131.2, 130.5, 130.23,
130.2, 128.72, 128.6, 128.4, 128.2, 127.8, 127.5, 126.4, 125.0, 120.7, 118.4, 110.0, 44.2,
34.3, 30.0.
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Photochemical Synthesis of 6-oxo-5-(3-(9-oxo-9H-thioxanthen-2-yl)propyl)5,6-dihydrobenzo[4,5]thieno[2,3-c]quinoline-9-carboxylic acid (14). A solution of
210 mg (0.36mmol, 7.12x10-3M) of thioxanthone-linked acid 12a in 50 mL nitrogen
saturated dioxane was irradiated with a 450 W Hanovia medium pressure mercury lamp
with a Pyrex filter for 4 h. The cloudy mixture was then concentrated in vacuo, and the
precipitate was washed with water to give 195 mg (99% yield), mp > 290 °C. HRMS
(ESI/ IT-TOF) m/z: [M + H]+ Calcd for C32H21NO4S2 548.0985; Found 548.0954. 1H
NMR (400 MHz, d6-DMSO) δ 13.28 (br s, 1H), 8.82 (d, J = 8.7 Hz, 1H), 8.71 (d, J = 8.2
Hz, 1H), 8.65 (d, J = 1.6 Hz, 1H), 8.34 (d, J = 8.2 Hz, 1H), 8.17 (s, 1H), 8.00 (dd, J = 8.7,
1.6 Hz, 1H), 7.81 (d, J = 8.7 Hz, 1H), 7.73 – 7.62 (m, 3H), 7.56 – 7.40 (m, 4H), 4.54 (t, J
= 6.9 Hz, 2H), 2.92 (t, J = 7.2 Hz, 2H), 2.16 (p, J = 7.2, 6.9 Hz, 2H).

13

C NMR (75 MHz,

d6-DMSO) δ 180.7, 169.1, 159.4, 143.5, 142.0, 140.3, 139.4, 138.7, 136.5, 136.3, 135.98,
135.2, 134.8, 131.5, 131.2, 130.5, 130.2, 130.2, 128.7, 128.6, 128.4, 128.2, 127.8, 127.5,
126.4, 125.0, 120.7, 118.4, 110.0, 44.2, 34.3, 30.0.
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Photochemical synthesis of 5-methyl-6-oxo-5,6-dihydrobenzo[4,5]thieno[2,3c]quinoline-9-carboxylic acid (8). A solution of 100 mg (0.29 mmol, 2.89x10-3 M) of
anilide 7 in 100 mL of nitrogen saturated acetonitrile was irradiated with a 450 W
Hanovia medium pressure mercury lamp with a Pyrex filter for 5 h. The precipitate was
filtered, washed with water, and dried to give 85 mg (94% yield) of photoproduct, mp >
295 °C. HRMS (ESI/ IT-TOF) m/z: [M - H]- Calcd for C17H11NO3S 308.0387; Found
308.0364. 1H NMR (400 MHz, d6-DMSO) δ 13.24 (br s, 1H), 8.68 (d, J = 8.7 Hz, 1H),
8.58 (s, 1H), 8.53 (d, J = 8.7 Hz, 1H), 7.97 (d, J = 7.9 Hz, 1H), 7.64-7.50 (br m, 2H),
7.39-7.29 (br m, 1H), 3.67 (s, 3H).13C NMR (75 MHz, d6-DMSO) δ 164.2, 154.4, 138.57,
135.5, 131.7, 131.2, 126.6, 126.5, 123.3, 122.9, 122.7, 121.2, 120.2, 115.4, 113.4, 27.2.
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CHAPTER 3
PHOTOCHEMICAL STUDIES OF REVERSIBLE TRIPLET
EXCITATION TRANSFER IN TRIMETHYLENE-LINKED THIOXANTHONE
AND BENZOTHIOPHENE-2-CARBOXANILIDE: QUANTUM YIELDS, RATE
CONSTANTS AND LIFETIMES.

3.1. Introduction.

This chapter describes the photochemical studies of thioxanthone and
benzothiophene-2-carboxanilide 7 and the trimethylene-linked triplet excited state energy
donor acceptor system 12. These studies include quantum yields, determination of rate
constants and lifetimes through quenching experimentsin both inter- and intramolecular
sensitized photolysis of 7 and 12. Energy transfer is endothermic and reversible when
thioxanthone is covalently attached by a trimethylene linker to benzothiophene-2carboxanilide 7. The rate constants for energy transfer in the forward and reverse
directions at room temperature can be determined through quenching experiments with
cyclohexadiene and 12a by analysis of the corresponding non-linear Stern-Volmer plot.
In addition, analysis of sensitized quantum yields as a function of benzothiophene-2carboxanilide 7 concentration also can be performed to afford an estimate for the
bimolecular rate constant for the endothermic energy transfer step. Finally, quenching
studies of benzothiophene-2-carboxanilide 7 with cyclohexadiene provide an estimate for
the rate constant for the electrocyclization of benzothiophene-2-carboxanilide 7 to
photoproduct 8. High quantum yields have been observed for the trimethylene-linked
system 12a. This prompted us to determine quantum yields for release of different
leaving groups in this section. Because of the endothermic nature of the triplet excitation
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transfer, quantum yields increase with temperature consistent with the energy transfer
being a thermally activated process with an apparent Ea = 3.98 kcal mol-1,
experimentally.
3.2. Photolysis and Quenching Studies of Benzothiophene-2-carboxanilide 7.
The photochemistry of benzothiophene-2-carboxanilide 7 is important since
anilide 7 is the acceptor during sensitized photolysis with thioxanthone (the triplet
donor). On the other hand, the direct photolysis of 3.0x10-3 M of benzothiophene-2carboxanilide 7 in dioxane containing 20% aqueous 100 mM phosphate buffer at pH 7

3.1

3.1

(Eq.31) can be achieved at 310 nm. Benzothiophene-2-carboxanilide 7 absorb 3.1
strongly at
310 nm to produce a short-lived singlet excited state. The singlet excited state intersystem
3.1

Scheme 3.1. Excitation of benzothiophene-2-carboxanilide 7
crosses to give the triplet excited state39 (Scheme 3.1). The photochemistry of
benzothiophene-2-carboxanilide 7 occurs in the triplet excited state. The quantum yield
Φο for the direct photolysis of benzothiophene-2-carboxanilide 7 was determined to be
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0.14. This was lower compared to a similar anilide that lacked a carboxylic acid
substituent at the C-6 position which gave Φο = 0.23.39 In order to estimate the triplet
lifetime of anilide 7, 1,3-cyclohexadiene, a triplet excited state quencher was used. Using
3.0

Фº/Ф = 1 + kqτ[Q]
Slope = kqτ
o

 /

2.0

1.0

0.0

Фº/Ф = 1 + kqτ[Q]
Slope = kqτ
0

5
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5

[Q] x 10 M

Фº/Ф = 1 + kqτ[Q]
Slope 5= with
kqτ
Figure 3.1. Stern-Volmer Plot for quenching of 3.00 x 10 M anilide
Cyclohexadiene.
-3

3.00x10-3 M of anilide 7 and 8.1 x 10-5 M to 3.24 x 10-4 M of the quencher, the triplet
Фº/Ф = 1 + kqτ[Q]
excited state generated upon intersystem crossing was readily quenched
to give a linear
Slope = kqτ
Stern-Volmer plot (Figure 3.1). The Stern-Volmer slope for quenching by
cyclohexadiene was kqτ = 4.51 x 103 M-1s-1. Taking kq = 4.4 x 109 M-1 s-1 in aq dioxane,
the triplet lifetime τ = 1.02 μs. This lifetime for the triplet excited state of anilide 7 with
LG- = Cl- is very similar to the lifetime of 932 ns previously reported for the triplet
excited state of the analogous anilide that lacks the C-6 carboxylic acid group39. In that
prior study it was also found that the lifetime did not change significantly when the
carboxylate leaving group was swapped for a more basic phenolate leaving group. Note
that benzothiophene-2-carboxanilide 7 absorbed the light and Φ0 = 0.14 for LG- = Cl-,
unlike in the sensitized photolysis of trimethylene-linked thioxanthone, where the
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thioxanthone (Φisc = 0.68) absorbed the light (vide infra), and Φ = 0.41
3.3. Energy Transfer via Photosensitization of Thioxanthone and Benzothiophene-2carboxanilide 7.
Thioxanthone after excitation can undergo Dexter type triplet energy transfer and
transfer the triplet energy to anilide 7, which can then undergo a photochemical reaction
and release a leaving group. Energy transfer from thioxanthone (ET = 65 kcalmol-1) to
benzothiophene (ET = 69 calmol-1) is endothermic when thioxanthone is attached to the
amide nitrogen of the benzothiophene-2-carboxanilide 7, as with 12, the intramolecular
energy transfer from thioxanthone to benzothiophene is found to be temperature
dependent. Quantum yields for the intermolecular energy transfer between thioxanthone
and anilide 7 increase with increasing concentration of anilide 7.
3.3.1. Intramolecular Sensitized Photolysis of Trimethylene-Linked Thioxanthone
with Benzothiophene-2-carboxanilide and leaving group expulsion.

Thioxanthone undergoes triplet energy transfer when covalently linked to
benzothiophene-2-carboxanilide 7 via a trimethylene chain. Upon direct photolysis of
12a, c, d, e and 13 f, g, h at 395 nm in 20% water and 80% dioxane containing 100 mM
phosphate buffer at pH 7 the benzothiophene-2-carboxamide moiety is observed to
undergo photocyclization with leaving group release to form photoproduct 13 (Scheme
3.2) in yields summarized in
Table 2. Quantum yields are about 10-fold higher than
previously studied examples with the thioxanthone and benzothiophene closely coupled
via the carboxamide group in benzothiophene-2-carboxanilide 7. As previously reported
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2- carboxamide anilide 7 to give 8 was also studied under the same conditions (vide
infra). Photoproduct 8 was produced in 94 % yield. The quantum yield was determined
ET = 69 kcal mol-1
to be Φ= 0.22 at 0.02 M thioxanthone and 0.003 M anilide 7. However, we found that
the quantum yields increased with increasing concentration of the anilide 7. This
concentration dependence wsa studied in detail (vide infra).
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Table 2. Quantum yields for Product 12 or 13 Formation and Chemical Yields for
Photolysis of 9 and 10 Bearing Various Leaving Groups LG- at 395 nm
________________________________________________________________________
Reactant
LG- pKa of
LG-H
unreacted sm,
12 or 13,
Φ
a
a
conj. acid
%
%
%
_______________________________________________________________________
12a
Cl<0
ndb
nd
100
0.41c
12c

HO-

15.7

nd

2

98

0.011c

12d

PhCH2S-

10

80

2

98

0.14c

12e

PhS-

6.6

nd

3

97

0.18c

13f

(EtO)2PO2-

1.39

93

3

97

0.35d

13g

PhCH2CO2-

4.3

93

2

98

0.28d

4.76

nd

nd

97

0.23c

13h

AcO-

________________________________________________________________________
a
Chemical yields obtained in d6-DMSO by NMR integration for carboxylic acids 12c,
d,e; CD3CN was used as solvent for 13f,g. bNot determined. cThe solvent was 20% H2O
containing 100 mM phosphate buffer and 80% dioxane; photolysates were acidified and
then lyophilized followed by product yield determination by 1H NMR spectroscopy with
PhCH2OCH3 as the integration standard. dSame procedure as acids 12 except that the
solvent system was 10% H2O and 90% dioxane with phosphate buffer.

Figure 3.2. Plot of log Φ vs pKa of conjugate acids of H2O, PhCH2CO2H, PhSH,
PhCH2SH, PO(OCH2CH3)2 from table 2
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3.3.2. Temperature Dependence on Quantum Yields
In the trimethylene-linked system 12a, thioxanthone is an energy Donor while
benzothiophene-2-carboxamide is an energy acceptor. Thioxanthone has a triplet energy
of ca. 65 kcalmol-1, while benzothiophene has a triplet energy of ca. 69 kcalmol-1. At 395
nm, the light is absorbed solely by the thioxanthone chromophore. The photocyclization
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3.3.3. Quenching of the Photoreaction of 12a with Cyclohexadiene.
The photoreaction of 12a was readily quenched by the known triplet quencher,
cyclohexadiene. Since the triplet excitation transfer from thioxanthone to
benzothiophene-2-carboxamide is ca. 4 kcal mol-1 endothermic, one would expect that
triplet energy transfer from the initial triplet excited state of thioxanthone, T1, to generate
the benzothiophene triplet excited state, T2, should also occur in the energetically
favorable reverse direction (Eq.3.2 and Scheme 3.3). In other words, the energy
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transfer should be reversible with equilibrating T1 and T2 excited states, when the triplet
donor and acceptor are linked together, as shown in Scheme 3.6. The corresponding rate
constants k12 and k21 can be obtained by analysis of a plot of Φ°/Φ vs. [Q] (Figure 3.4).
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Figure 3.4. Stern-Volmer Plot for Quenching of the Photoreaction of 12a by
Cyclohexadiene.
Φ°/Φ is expressed in terms of rate constants by eq. 3.3, which conforms to the kinetics
shown in Scheme 3.4. This equation is similar to that derived by Wagner103 for a case
where the initial triplet excited state is the one that undergoes reaction. In the present
example it is instead T2 which reacts. The only difference here is that the denominator
contains a k12 term, whereas the original Wagner equation would instead have k21.
Equation. 3.3 has general form of equation 3.4 where a-c are adjustable

1 + (𝑋1 𝑘𝑞1 + 𝑋2 𝑘𝑞2 )𝜏𝑒 [𝑄] + 𝑘𝑞1 𝑘𝑞2 𝜏𝑒 [𝑄]2 (𝑘12 + 𝑘21 )−1
Φ°
=
Φ
1 + 𝑘𝑞2 [𝑄]/𝑘12

3.3

3.4
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1 + 𝑎𝑥 + 𝑏𝑥 2
𝑦=
1 + 𝑐𝑥

3.4

parameters. The nonlinear least squares fit to the quenching data in Figure 3.4 gave a =
1220, b = 34000, and c = 504 (R2 = 0.9699). Accordingly, parameter a = (X1kq1 +
X2kq2)τe. The kq1 and kq2 values of 4 x 109 M-1 s-1 can be estimated from the Debye
equation using the viscosity of 20% H2O and 80% dioxane reported in the literature.104
Assuming X1 = k21(k21 + k12) > 0.9, the equilibrium kinetic lifetime is estimated as τe =
2.8 x 10-7 s. The equilibrium kinetic lifetime is defined as τe = [X1kd1 + X2(kd2 + kr)]-1.
From b = kq1kq2τe(k12 + k21), one obtains (k12 + k21) = 1.6 x 108 s-1. From c = kq1/k12 the
value k12 = 8.7 x 106 s-1 and thus k21 = 1.5 x 108 s-1.
If states T1 and T2 are not in equilibrium, yet both states are quenched by
cyclohexadiene, then the kinetic expression for Φ°/Φ becomes quadratic.103 The data
𝛷0
𝛷

= (1 + 𝑘𝑞1 𝜏1 [𝑄])(1 + 𝑘𝑞2 [𝑄]

3.5

in Figure 3.4 could not be fit by such a quadratic expression (Eq. 3.5) unless the
coefficient for the [Q]2 term is negative, which in turn requires a negative rate constant.
A linear plot for Figure 3.4 would result if one of the excited states, i.e., state T2
(Scheme 3.4), is not quenched, which would be possible if that state is too short-lived to
Φ°
= 1 + (𝑋1 𝑘𝑞1 + 𝑋2 𝑘𝑞2 )𝜏𝑒 [𝑄]
Φ

3.6

be quenched (Eq. 3.6). However, upon direct photolysis of anilide 7 as a model system
3.7
for T2 of 12a, the triplet excited state generated upon intersystem crossing is readily
quenched to give a linear Stern-Volmer plot (Section 3.1 vide infra).

3.7

3.7
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3.4. Intermolecular Sensitized Photolysis of benzothiophene-2-carboxanilide 7 with
Thioxanthone.

The quantum yield of the thioxanthone sensitized photolysis with anilide 7 and
chloride leaving group increases with increasing concentration of anilide, and at a high
concentration of 0.0120 M, Φ = 0.45. A plot of the sensitized quantum of anilide 7
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1
1 𝑘𝑑1 𝑘𝑟 + 𝑘𝑑1 𝑘𝑑2
𝑘𝑟 + 𝑘𝑑2
=
(
+
)
Φ
Φ𝑖𝑠𝑐
𝑘𝑟 𝑘12 [𝟕]
𝑘𝑟
Consequently, the sensitization kinetics are assumed to conform to Scheme 3.5 from
which equation 3.7 is derived. The observed slope of the plot in Figure 3.5 is 0.00886 M
and the intercept is 1.47. From the slope, k12 = ca. 1.15 x 107 M-1 s-1, taking kd1 = 7.69 x
104 s-1 for thioxanthone,105 and kr = ca. τ-1 = 9.80 x105 s-1, which was found for Stern-
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= 0.00886
x 10-2 M 𝒌𝒓 𝑘12 Φ𝑖𝑠𝑐
Here it is assumed kr >> kd2, which also implies that the kd2kd1 term in the slope is small
Thioxanthone𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡 =
𝒌𝒅𝟏
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3.5. Case of Reversible Intermolecular Sensitized Photolysis of benzothiophene-2carboxanilide 7 with Thioxanthone.

We considered the case where both triplet excited states are equilibrated and
defined the additional rate constant k21 for diffusion-controlled energy transfer from
the benzothiophene-2-carboxanilide 7 triplet to regenerate the thioxanthone triplet
(Scheme 3.6). Neglecting kd2 the equation for sensitized reaction becomes equation 3.8.
From the experimental data (Figure 3.6) and slope the calculated k12 = 1.16 x 109 M-1 s-1,
which is much too high for this uphill energy transfer process. On the other hand, if k12 is

Iisc
3TX

(1)

k12

(2)

37

kr
kd2

kd1

P

Scheme 3.6. Energy Diagram for Reversible Intermolecular Triplet Energy Transfer from
Thioxanthone to Benzothiophene-2-carboxanilide 7.
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Figure 3.6.. -1 vs. [S] with Constant Concentration of 2.00 x 10-2 M Anilide 7

𝑠𝑙𝑜𝑝𝑒 =

𝒌𝒅1 𝑘21
= 34.9
𝒌𝒓 𝑘12 [𝐴]Φ𝑖𝑠𝑐

𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡 =

1
𝒌𝒅1
(1 +
) = 3.54
Φ𝑖𝑠𝑐
𝑘12 [𝐴]

intercept 3.54 with R2 = 0.9613 at a constant 0.003 M benzothiophene-2-carboxanilide 7.
From this slope we calculate k12 = 9.68 x 107 M-1 s-1, which is more reasonable, but
carries little credence given the given the higher quality of the data in Figure 5.
3.6. Estimation of Rate Constant from Arrhenius Equation
An independent estimate for k12 can be obtained for endothermic intermolecular
energy transfer using eq. 3.9, which was originally proposed by Saltiel and coworkers.106
The Ea = ca. 4 kcal mol-1 is the difference in estimated triplet energies of
𝐸𝑎

𝐸𝑎

𝑘12 = 𝐴𝑒 −𝑅𝑇 ≅ 𝑘𝑑𝑖𝑓𝑓 𝑒 −𝑅𝑇

3.9

3.9
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thioxanthone and that expected for anilide 7 (ET = ca. 69 kcal mol-1). This energy
difference also corresponds to the experimental Ea = 3.98 kcal mol-1 found from the
temperature dependence of the quantum yields for 12 (vide supra). The calculated kdiff =
4.4 x 109 obtained from the viscosity of 20% aqueous dioxane (vide supra)15 using the
Debye equation and eq. 6 give k12 = 5.2 x 106 s-1. This value is tolerably close to the
estimate obtained from the fit of the data using eq. 3.4.
3.7. Intermolecular Sensitization from N-methyl-N-(9-oxo-9H-thioxanthen-2yl)acetamide
These studies were carried out to check if energy transfer from thioxanthone to
benzothiophene-2-carboxanilide 7 in the directly linked system was low because of the

3.10

rigid amide bridge (Eq. 3.11). An amide substituent was attached to the thioxanthoneSchem
ring
and the intermolecular sensitized photolysis studied (Scheme 3.7).

e 3.19.
intersystem
crossing
quantum yield
determination
3.11

Scheme 3.7. Energy transfer from N-methyl-N-(9-oxo-9H-thioxanthen-2-yl)acetamide.
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The sensitized photolysis of 0.04 M thioxanthone-N-amide 29 and 3.00x10-3 M of
benzothiophene at 395 nm give a quantum of yield Φ = 0.17. The was lower compared to
the quantum yield Φ = 0.20 obtained for 0.04 M thioxanthone and 3.00x10-3 M.
3.8. Intersystem Crossing Quantum Yield for N-methyl-N-(9-oxo-9H-thioxanthen-2yl) acetamide.

We investigated the effect of the amide substituent on the intersystem crossing
quantum yield (Φisc) on thioxanthone (Scheme 3.8). The experiment was done using the
method described by Lemola and Hammond107. The value of Φisc, can be obtained from
sensitized E to Z isomerization of (E)-1,2-diphenylpropene using thioxanthone-amide 29
as the sensitizer. The quantification of the (E) and the (Z) isomers was done by GC-MS
analysis. The amount of the light absorbed was measured by ferrioxalate actinometry
using the splitting ratio method. Equation 3.11 described by Lamola and Hammond was
used to calculate the triplet quantum yield of the thioxanthone

𝛷𝑖𝑠𝑐 =

𝛽𝑡→𝑐
(1 + 𝑥)
𝐼

3.11

3.11

Scheme 3.8. Intersystem crossing quantum yield determination
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𝛼

Where 𝛽𝑡→𝑐 = 2.303𝛼 log [𝛼−𝛽′ ]; 𝛽𝑡→𝑐 is the conversion of trans to cis without
back reaction. Α is the conversion at the stationary state; β’is the conversion

(
6)

measured experimentally. 𝑥 = [𝑡𝑟𝑎𝑛𝑠]𝑠 /[𝑐𝑖𝑠]𝑠 , where [trans]s and [cis]s are the
concentrations of trans and cis isomers of 1,2-diphenylpropene at photostationary state, I
= light absorbed by the photoreaction. This method gives Φisc = 0.60 for N-methyl-

(
6)

thioxanthone amide. The value obtained by the previous graduate student (Jayasekara,
2016)38 using the same method for thioxanthone was 0.68.
3.9. Intermolecular Sensitized Photolysis with Xanthone

(
6)

The intermolecular sensitized photolysis with xanthone was also investigated.
(
Xanthone has a triplet energy of 74 kcal/mol. Triplet energy transfer in this case will
6)
therefore, be exothermic and irreversible. The sensitized intermolecular photolysis of

(
6)

(
Scheme 3.9. Intermolecular sensitized photolysis of Xanthone and anilide 7

6)

0.05 M xanthone and 3.00x10-3 M benzothiophene-2-carboxanilide 7 at 365 gave a
quantum yield of Φ = 0.31. The experiment was flawed because the sensitizer and the

(
6)

acceptor both absorbed at 365 nm and correcting for the amount of light directly absorbed
by 7 could not be performed reliably.

(
6)
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3.10. Experimental Section.
3.10.1. Chemical Actinometry: Light measurement Using Potassium Ferrioxalate

Actinometry.
When potassium ferrioxale is irradiated, Fe3+is converted to Fe2+ (Eq. 3.12).
Fe2+can form a complex with 1,10-phenanthroline that absorbed at λ = 510 nm (Eq. 3.13).
Measuring the absorbance of the complex, we can calculate the mmols of Fe2+and
therefore mE of light absorbed (Eq. 3.14).
3.12

3.13

3.12
Φ=

𝑚𝑚𝑜𝑙 𝑜𝑓 𝐹𝑒 2+
𝑚𝐸

which gives
[𝐹𝑒 2+ ] =

𝑚𝐸 =

𝑚𝑚𝑜𝑙 𝑜𝑓 𝐹𝑒 2+
Φ 𝑜𝑓

𝐹𝑒 2+

𝑎𝑡 𝑖𝑟𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 𝑤𝑎𝑣𝑒𝑙𝑒𝑛𝑔𝑡ℎ

Optical Density at 510nm
ε of the 𝐹𝑒 2+ complex

3.14
3.13
3.15
3.12

I.

Ferrioxalate Preparation

To prepare potassium ferrioxalate, (K2Fe(C2O4)3.3H2O , the method of Harchard
3.13
and Parker was used. To 250 ml of 1.5 M solution of FeCl3 (101.4 g hexahydrate in 250
mL of solution) was added to 750 m of 1.5 M aqueous solution of K2C2O4 monohydrate
3.12
(207.3 g in 750 mL of solution). This was shaken vigorously and allowed to cool to room
temperature in a dark flask. The solid green cystals were filtered and dried at 45 οC
3.13
overnight. There were then recrystallized with warm water three times.
3.12
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II.

Phenanthroline Preparation

A solution of 0.1% 9,10-phenanthroline in water (1.0909 g in 1000 mL) was prepared.
III.

Buffer solution

The buffer solution was 600 mL of 1N NaOAc (49.25 g of NaOAc in 600 mL of H2O),
360 mL of 1N H2SO4 (27.9 mL of concentrated H2SO4 in 100 mL solution) and water
was added to give a total volume of 1000 mL
IV.

Actinometry solution

A 0.006 M ferrioxalate solution was prepared with 2.947 g of potassium ferrioxalate and
600 mL of H2O, followed by addition of 100 mL of 1N H2SO4. The solution was diluted
to 1000 mL
3.10.2. Determination of light output (LOP).
The volume of actinometry solution was carefully measured and then irradiated for a
recorded period of time. To determine the LOP of the lamp, aliquots were withdrawn and
the extent of Fe2+ produce was determined spectrophotometrically.

𝐿𝑂𝑃 (𝑚𝐸) =

𝑣𝑜𝑙 𝑜𝑓 𝑖𝑟𝑟𝑎𝑑𝑖𝑎𝑡𝑒𝑑 𝑎𝑐𝑡𝑖𝑛.𝑉1 (𝑚𝐿) 𝑥 [𝐹𝑒 2+ ]𝑥 𝑑𝑖𝑙𝑢𝑡𝑒𝑑 𝑉𝑜𝑙.𝑉2 ( 𝑚𝐿)
[Φ 𝑜𝑓 𝐹𝑒 2+ 𝑎𝑡 𝜆] 𝑥 𝑣𝑜𝑙 𝑜𝑓 𝑎𝑙𝑖𝑞𝑢𝑜𝑡 𝑉3 (𝑚𝑙) 𝑥 𝑡𝑖𝑚𝑒(ℎ)

[𝐹𝑒 2+ ] =

𝑜𝑝𝑡𝑖𝑐𝑎𝑙 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑎𝑡 510 𝑛𝑚
(𝑚𝑒𝑎𝑠𝑒𝑟𝑒𝑑)
𝜖
𝑜𝑓 𝑡ℎ𝑒 𝐹𝑒 2+ 𝑐𝑜𝑚𝑝𝑙𝑒𝑥

𝑆𝑝𝑙𝑖𝑡𝑡𝑖𝑛𝑔 𝑟𝑎𝑡𝑖𝑜 =

𝐿𝑂𝑃𝑚𝑎𝑖𝑛 𝑐𝑒𝑙𝑙
𝐿𝑂𝑃𝑠𝑖𝑑𝑒 𝑐𝑒𝑙𝑙

𝐿𝑂𝑃𝑠𝑎𝑚𝑝𝑙𝑒 𝑐𝑒𝑙𝑙 = 𝑠𝑝𝑙𝑖𝑡𝑡𝑖𝑛𝑔 𝑟𝑎𝑡𝑖𝑜 𝑥 𝐿𝑂𝑃𝑠𝑖𝑑𝑒 𝑐𝑒𝑙𝑙 − 𝐿𝑂𝑃𝑏𝑎𝑐𝑘 𝑐𝑒𝑙𝑙

3.16

3.15

3.17

3.18
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quantum yield, Φ =

𝑚𝑚𝑜𝑙 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡
𝐿𝑂𝑃𝑠𝑎𝑚𝑝𝑙𝑒 𝑐𝑒𝑙𝑙 (𝑚𝐸ℎ−1 ) 𝑥 𝑖𝑟𝑟𝑎𝑑𝑖𝑡𝑖𝑜𝑛 𝑡𝑖𝑚𝑒 (ℎ)

3.19

For example, for a typical optical density using a 25 mL volumetric flask V2, then
1. X mL aliquot of the irradiated actinometry solution (V3). The amount used
depends on the irradiation time. Often used 1 to 3 mL for the main cell and 5
to 10 mL for the side cell for a 30 to 120 min irradiation time.
2. 3 mL of buffer solution
3. 4.5 mL of phenanthroline solution
4. Dilute to 25 mL and shake (V2)
5. Let stand for 30 to 60 minutes before determining the absorbance at 510 nm.
A blank solution is usually prepared using non-irradiated actometry solution. The actual
absorbance is the absorbance of the irradiated aliquot minus the absorbance of blank
solution.
The splitting ratio is obtained by irradiating the main cell and the side cell with no
sample cell in between (see Figure 3.7 below).
3.10.3. General Procedure for Quantum Yield Determination.
A semi-micro optical bench was used for quantum yield determinations, which was
similar to the apparatus described by Zimmerman.102 Light from a 200 W high- pressure
mercury lamp was passed through an Oriel monochromator, which was set to a
wavelength of either 310 nm or 395 nm. The light was collimated through a lens. A
fraction of the light was diverted 90˚ by a beam splitter to a 42.5 mL side quartz
cylindrical cell containing an actinometer. The photolysate was contained in a 37.5 Ml
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Figure 3.7. Semi-micro optical bench set up for quantum yield determination.

quartz cylindrical cell placed in the light path. Behind the photolysate was mounted a
quartz cylindrical cell containing 42.5 mL of actinometer. Light output was monitored
by ferrioxalate actinometery using the splitting ratio technique. All quantum yields
reported were the average of two or more independent runs
3.10.4. Preparation of 100 mM KH2PO4 buffer pH 7 solution.
To a 100 ml of water was added 1.35 g of KH2PO4. The solution was then
adjusted to pH 7 by dropwise addition of 1 M KOH.

3.10.5. Experimental Procedures for Quantum Yield Determinations.
Thioxanthone Sensitized Photolysis with Various Concentrations of
benzothiophene-2-carboxanlide 7. General procedure for product quantum yield was
used. Thioxanthone (98%) was purified by recrystallization from methanol and isolated
by vacuum filtration. A stock solution of 2.12 g (9.99 mmol, 0.020 M) of thioxanthone
was prepared in 500 mL dioxane containing 15% aq potassium phosphate buffer (v/v).
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The anilide 7 was dissolved in 37.5 mL of the stock solution to obtain a series of
photolysates with anilide concentrations of 0.002, 0.003 M, 0.004 M, 0.005M, 0.006M,
0.009 M, 0.0012 M, 0.015 M. After flushing in the dark with nitrogen for ca. 30-60 min,
each sample was irradiated at 395 nm for 1-2 h. Light absorbed by each photolysate was
determined by ferrioxalate actinometery. At the end of each photolysis, ca. 0.5 mL of 1
M HCl was added to the exposed photolysate followed by concentration in vacuo in the
dark. Each concentrate was freeze dried for 2 h and further dried overnight under vacuum
in the dark. The dried samples were dissolved in d6-DMSO and a known amount of DMF
was added to each as an internal standard. The yield of photoproduct 8 was determined
by 1H-NMR analysis by integration of the N-CH3 signal of photoproduct at 3.67 ppm
relative to the DMF methyl groups signals.
Photolysis with Various Concentrations of Thioxanthone Sensitizer. The
general procedure for product quantum yields was used. A stock solution of 0.52 g (1.50
mmol, 0.003 M) of benzothiophene carboxanilide 7 was prepared in 500 ml dioxane
containing 10% aqueous potassium phosphate buffer and kept in the dark. Thioxanthone
was dissolved in 37.5 mL of stock solution to give concentrations of 0.01, 0.02, 0.04,
0.06 M. After flushing in the dark with nitrogen for ca. 30-60 min, each sample was
photolyzed at 395 nm for 1.5 h, followed by ferrioxalate. To each photolysate was added
0.5 mL of 1 M HCl followed by concentration in vacuo in the dark. The concentrates
were freeze dried for 2 h and then dried under vacuum overnight in the dark. The dried
samples were dissolved in d6-DMSO and a known amount of DMF was added to each as
an internal standard. The yield of photoproduct 8 was determined by 1H-NMR analysis
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by integration of the N-CH3 signal of photoproduct at 3.67 ppm relative to the DMF
methyl groups.
Quantum yield for 12a at Various Temperatures for Ea Determination. The
general procedure for product quantum yields was used. A stock solution of 0.336 g
(0.61 mmol, 1.92x10-3 M) of thioxanthone-linked acid 12a in 300 mL of dioxane
containing 20% aqueous 100 mM phophate buffer was prepared. For each photolysis a
37.5 ml sample was flushed with nitrogen for 30-60 min in the dark. Temperature was
controlled by circulating water from a constant temperature bath through the jacketed
photolysis cell containing photolysate. Photolysis times ranged from 1 h to 0.4 h,
depending on the temperature. The temperatures for photolyses were 10 ˚C, 15 ˚C, 20
˚C, 25˚C 30 ˚C, 35 ˚C and 40 ˚C. The photolysis wavelength was 395 nm, and
ferrioxalate actinometry was performed to determine light absorbed by each sample.
After photolysis, ca. 0.5 mL of 1 M HCl was added followed by concentration in vacuo
in the dark. The concentrate was then freeze dried for 2 h and dried under vacuum
overnight in the dark. Photoproduct 14 dissolved in d6-DMSO and a known amount of
benzyl methyl was added as internal standard. The photoproduct was quantified by 1H
NMR analysis by integrating each of the three CH2 signals of 11 at 4.54, 2.92 and 2.16
ppm and averaging.
Quenching of the Direct Photolysis of 12a by Cyclohexadiene. The general
procedure for determining product quantum yields was used. A stock solution of 0.336 g
(0.575 mmol, 1.92x10-3 M) of thioxanthone-linked acid 12a in 300 mL dioxane
containing 20% aqueous 100 mM phosphate buffer was prepared. Samples of 37.5 ml
were flushed with nitrogen for ca. 30-60 min in the dark followed by addition of
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cyclohexadiene via syringe to give final concentrations of quencher of 1.12 x 10-3 M,
3.37 x 10-3 M, 5.06 x 10-3 M, 5.61 x 10-3 M, 7.30 x 10-3 M , and 9.56 x 10-3 M. Samples
were sealed and photolyzed at 395 nm for 30-90 min. Light absorbed was determined by
perfoming ferrioxalate actinometry. After photolysis ca. 0.5 mL of 1 M HCl was added
and the photolysate was concentrated in vacuo in the dark. The concentrate was then
freeze dried for 2 h and dried under vacuum overnight in the dark. Photoproduct 14
dissolved in d6-DMSO and a known amount of benzyl methyl ether was added as internal
standard. The photoproduct was quantified by 1H NMR analysis by integrating each of
the three CH2 signals of 14 at 4.54, 2.92 and 2.16 ppm and averaging.
Quenching of the Direct Photolysis of Anilide 7 by Cyclohexadiene. A stock
solution of 3.00x10-3 M of benziothiophene carboxylic acid in dioxane containing 17%
aqueous 100 mM phosphate buffer at pH 7 was prepared. The photolysis procedure was
the same as for the quenching of 12a by cyclohexadiene, except that the wavelength was
310 nm and photolysis times were 1-2 h. Light absorbed was determined by ferrioxalate
actinometry. Concentrations of cyclohexadiene used were 8.1 x 10-5, 1.62 x 10-4, 2.16 x
10-4, and 3.24 x 10-4M. At the end of each photolysis, ca. 0.5 mL of 1 M HCl was added
followed by concentration in vacuo in the dark. The concentrate was freeze dried for 2 h
and dried under vacuum overnight in the dark. Photoproduct 8 was dissolved in
DMSO_d6 and DMF was added as an internal standard. The yield of photoproduct 8 was
determined by 1H-NMR analysis by integration of the N-CH3 signal of photoproduct at
3.67 ppm relative to the DMF methyl groups.
Quantum Yields for Acids 12a, c – e. A 1.92x10-3 M solution of each of the
thioxanthone-linked acids 12a, c-e in 20% aq dioxane containing 100 mM phosphate
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buffer in a 37.5 mL cell was flushed with nitrogen for ca. 30-60 min in the dark. Each
sample was sealed and photolyzed at 395 nm for 30-90 min. Light absorbed was
determined by perfoming ferrioxalate actinometry. At the end of each photolysis, 0.5 mL
of 1 M HCl was added to the solution, which was concentrated in vacuo in the dark. The
concentrate was then freeze dried for 2 h and dried under vacuum overnight in the dark.
The photoproduct was dissolved in d6-DMSO and quantified by 1H NMR analysis using
benzyl methyl ether as an internal standard by averaging the integrals of the three CH2
signals of the photoproduct at 4.54, 2.92 and 2.16 ppm.
Quantum Yields for Esters 13f, g. A 1.5x10-3 M solution of each of the
thioxanthone-linked esters 13f,g in 10% aq dioxane containing 100 mM phosphate buffer
in a 37.5 mL cell was flushed with nitrogen for ca. 30-60 minute in the dark. Each sample
was sealed and photolyzed at 395 nm for 30-90 min. Light absorbed was determined by
perfoming ferrioxalate actinometry. At the end of each photolysis, 0.5 mL of 1 M HCl
was added to the solution, which was concentrated in vacuo in the dark. The concentrate
was freeze dried for 2 h and dried under vacuum overnight in the dark. The photoproduct
was dissolved d6-DMSO and quantified by 1H NMR analysis using benzyl methyl ether
as an internal standard by averaging the integrals of the three CH2 peaks of the
photoproduct at 4.54, 2.92 and 2.16 ppm.
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CHAPTER 4
DISCUSSION AND CONCLUSION OF RESULTS
4.1. Discussion
The trimethylene-linked triplet energy donor-acceptor system 12a undergoes
highly efficient photolytic release of LG- = Cl- with  = 0.41. The sensitized photolysis
of 7 is similarly efficient, provided the anilide is present in fairly high concentrations to
effect the intermolecular triplet energy transfer from the thioxanthone sensitizer to the
benzothiophene ring system. The resultant high quantum yields for reaction seem
remarkable, considering that the triplet excitation step is ca. 4 kcal mol-1 endothermic in
both 12 and 7. This endothermic step and the subsequent steps involving
electrocyclization and leaving group expulsion would need to be ca. 60-70% efficient in
order to account for the above quantum yields, since isc = ca. 0.6 for thioxanthone. In
the previous study of 5 it was erroneously thought that the endothermicity of the
thioxanthone to benzothiophene triplet energy transfer would account for the rather low
quantum yields observed for the release of LG- = Cl- upon electrocyclization of the
reactant.40
Kinetic analysis of the cyclohexadiene quenching (Figure 3.4) of the triplet
excited state reaction of 12 provides the rate constants for triplet excitation transfer from
the thioxanthone triplet to the benzothiophene ring and the reverse. Endothermic energy
transfer from the thioxanthone triplet is 17-fold slower than in the reverse direction, and
the corresponding equilibrium constant is 0.058 for energy transfer to generate the
benzothiophene triplet excited state, which ultimately leads to reaction. Thus, the overall
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rate for energy transfer and reaction of 12a is estimated to be 0.058 x kr = ca. 5.7 x 104 s1

, where kr = 9.8 x 105 s-1 is obtained from -1 (7) from Stern-Volmer quenching of the

anilide with cyclohexadiene, which assumes that the rate constant for radiationless decay
of the anilide triplet, kd2, can be neglected relative to kr. The overall rate constant of 5.7 x
104 s-1 is quite competitive with decay of the initial thioxanthone triplet excited state (kd1
= 7.7 x 104 s-1) such that the trimethylene linked system would be ca. 70% efficient once
intersystem crossing of the thioxanthone takes place. Taking into account isc = 0.68, the
overall quantum yield for the linked system could be ca. 0.5, as compared to  = 0.4 that
is actually observed.
For the sensitized reaction of 7 the rate of triplet energy transfer from
thioxanthone is [0.012 M] x k12 = 6.24 x 104 s-1, which can be compared to the decay rate
kd1 for thioxanthone sensitizer. The overall efficiency after intersystem crossing has
occurred would be ca. 0.8. Assuming the efficiency for electrocyclization and LGrelease with 37 is essentially unity, taking into account isc, the reaction is estimated to be
50-60% efficient, as estimated above for the trimethylene linked system. For both the
trimethylene-linked system and the intermolecular sensitized case the estimated quantum
yields are somewhat higher than actually observed. This could be due to the actual
electrocyclization step and the leaving group expulsion being somewhat less than
completely efficient.
The rapid electrocyclization of triplet excited benzothiophene-2-carboxanilide
was expected, since the computational study of the triplet excited state cyclization of 5
(LG- = Cl-) showed the barrier for this process to be virtually nonexistent, < 1 kcal mol-1.
It would be surprising, if a significant barrier exists in the case of the anilide 7 and 12
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photocyclizations. In the case of 5 and likely also for 7 and 12 the electrocyclization
leads to a triplet excited state biradical intermediate, according to the computational
study. Intersystem crossing to the singlet biradical that is thought to have zwitterionic
character, e.g. 2 (Scheme 2.1). The zwitterionic intermediate can undergo ring opening
to give starting material, which would be a source of inefficiency in the photoreactivity of
7 and 12. The data in Table 1 show that quantum yields decrease as the basicity of the
released leaving group increases. This trend has been observed previously in a series of
anilides analogous to 7, and was attributed cycloreversion, which was thought to be
competitive with the leaving group expulsions.39 The formally forbidden disrotatory ring
opening of the zwitterionic intermediate was followed computationally in the case of a
regioisomer related to 5, and a barrier of 9 kcal mol-1 was found on the pathway for this
process.
Discussion of the triplet energy transfer rate constants is warranted. Rate constant
k12 is understandably slow in the endothermic direction. In the exothermic direction k21 =
108 s-1, which could be consistent with either through-bond or through space mechanisms
for triplet energy transfer. Wagner49 has shown that through-bond triplet energy transfer
predominates for short, flexible trimethylene linkers such as is the case for 12, although
this mechanism is normally associated with more rigid systems that have favorable
orientations of participating bonds, such as the donor-acceptor substituted cyclohexanes
studied by Closs and coworkers.95,96 The magnitude of k12 is a factor of ten lower than
rate constants for optimal through-bond transfer, which could be the result of
chromophore orientation, which is important with short linkers as discussed by Wagner.49
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On the other hand, through-space triplet energy transfer requires a close approach
of triplet excited state energy donor to the triplet energy acceptor and involves
conformational interconversions to bring donor and acceptor within 5-6 Å apart. In such
cases the rate constant for exothermic energy transfer is on the order of108 s-1, which
would also be consistent with k12. The small 4-5 nm bathochromic shifts at 380-390 nm
and at 360 nm in absorptions implies that the thioxanthone and benzothiophene rings can
interact to some degree in the ground state. However, static quenching by chromophores
at close distances in the ground state would result in a rate constant much higher than k12
in the reverse, exothermic direction. In general, static quenching is not considered an
important mechanism for triplet energy transfer and has been found to be statistically
improbable according to the molecular dynamics calculations of Wagner.97
4.2. Conclusions
A trimethylene-linkage to a thioxanthone chromophore allows reversible triplet
excitation transfer to a benzothiophene-2-carboxanilide ring system. The triplet excited
state of the benzothiophene-2-carboxanilide then undergoes an electrocyclic ring closure
to ultimately generate an intermediate that is thought to have zwitterionic character. This
intermediate may be responsible for the expulsion of a variety of leaving group anions,
ranging in basicities from chloride to phosphate ester, carboxylate, and thiolate. The
release of chloride is 70% efficient once the triplet excited state of the thioxanthone is
generated via intersystem crossing, which proceeds with a quantum yield of 0.68.
Although the triplet excitation transfer step is ca. 4 kcal mol-1 endothermic, the high
quantum yield of 0.41 for chloride expulsion to form the cyclized tetracyclic
photoproduct can be attributed to the fact that the reversible triplet excitation transfer
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with an equilibrium constant of 0.058 and the ensuing electrocyclization and leaving
group release with kr = 9.8 x 105 s-1 can both occur within the lifetime of the thioxanthone
triplet excited state. The overall rate of triplet excited state reaction is K x kr = 5.7 x 104
s-1 competes favorably with the relatively triplet excited state decay of the thioxanthone
of 7.7 x 104 s-1. These factors account for the high quantum yields observed for
photochemical release of the leaving groups.
The above analysis leads to some limitations inherent when benzothiophene-2carboxanilides are tethered to a chromophore. Other chromophores that absorb at longer
wavelengths which likely have lower triplet energies than thioxanthone will have lower
forward rates of triplet excitation transfer and hence, smaller equilibrium constants K will
result for the triplet energy transfer step. Overall quantum yields for LG- release will be
less than observed for thioxanthone as chromophore, unless the chromophore has a
particularly long triplet excited state lifetime. To preserve efficient overall reaction with
other longer wavelength chromophores, it should be possible to reduce the energy of the
triplet energy acceptor from that of benzothiophene-2-carboxanilides, which is estimated
to be ca. 69 kcal mol-1. However, it is difficult to predict a priori whether modified
aromatic thiophenes with lower ET will retain the inherently efficient and relatively rapid
electrocyclization with LG- release of the benzothiophene-2-carboxanilides.
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APPENDIX 1
SYNTHESIS OF OTHER BENZOTHIOPHENE-2-CARBOXAMIDES
THAT CAN RELEASE LEAVING GROUPS
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I.

Introduction
Prior to this research, the C-3 position of the benzothiophene and

naphthothiophene ring contained only the chloride leaving group which could only be
nucleophilically substituted by thiolates and phenolates. In other words, any biomolecule
attached at C-3 would have to contain a thiolate or a phenolate group. An initial goal of
the research was to expand the range of leaving groups functionality that could be
photochemically released from C-3 of a benzothiophene ring system. This would allow a
greater variety of biomolecules to be attached these photoremovable protecting group. It
is highly desirable, for example, to release carboxylate or phosphate groups as leaving
groups. To attach carboxylates and phosphates containing molecules to a benzothiophene
ring, the benzothiophene moiety needs to have a suitable handle, such as a hydroxyl
group at the C-3 position rather than the C-3 chloro group.
This section describes initial synthetic work undertaken to iintroduce a hydroxy
group at the C-3 position of a benzothiophene ring that is directly attached via the C-2
carboxamide group to the thioxanthone ring. The method used for introducing the C-3
hydroxyl group must be sufficiently general that it can be applied to other thiophene ring
systems. It is necessary to convert the C-3 halo group to hydroxyl of a 3chlorobenzothiophene as well as a naphthothiophene ring system. The need for such
generality would seem to preclude using the previous Claisen condensation method to
make the C-3 hydroxy substituted benzothiophene36 (Scheme 5.1). The precursors for all
the desired thiophene ring systems are not readily available. To promote solubility, it may
also be necessary to have a methyl ester substituent attached to the benzothiophene ring
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Scheme 5.10

or the naphthothiophene rings. The Claisen approach would be unsuitable, when a
carboxylic acid ester group is present elsewhere in the compound. The general approach
described herein was therefore developed.
II.

Results and synthesis of compounds
Compound 28 was already synthesized (Sarker, 2012)36 with a C-3 chloro group

on the benzothiophene ring36. There was need to replace the C-3 chloro of 28 with a C-3
hydroxy group, as with 29 to expand the range of applications.

The synthesis of 29 involved the demethylation of the methoxy group of amide 30 using
BBr3 in CH2Cl2. Amide 30 was prepared by the coupling of acid chloride 31 and 2-
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methylaminothioxanthone 32 (Scheme 5.2). The synthesis of acid chloride 31 was
achieved in 7 steps while 2-methylaminothioxanthone 32 was synthesized using method
reported by a previous student (Jayasekara, 2016).38

Scheme 5.2
III.

Synthesis of 3-Methoxybenzo[b]thiophene-2-carbonyl chloride (31).

Commercially available trans-cinnamic acid (Scheme 5.2) was successfully cyclized on a
20 g scale according to a procedure describe by Higa30 using thionyl chloride in
chlorobenzene to give 58% yield of crude acid chloride 33. The acid chloride 33 was
then heated in methanol to give ester 34. Ester 34 was oxidized to sulfoxide 35 using
H2O2. Substitution of the chloride to the methoxy group was then achieved using NaOMe
followed by reduction of the sulfoxide with chlorotrimthylsilane. Base hydrolysis of the
ester gave acid 38 which was converted to the corresponding acid chloride 29 using
thionyl chloride.
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Scheme 5.21.

As a model leaving group, phenyl acetyl chloride (PhCH2COCl) gave 28 using
triethylamine and catalytic DMAP35 in 50% yield.

IV.

Photochemical studies of 28a. It was difficult to photolyze 28a in

aqueous buffer solutions because of poor solubility. The photochemical release of
phenylacetic acid from
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28a

28a
28a in aqueous buffer solutions was unsatisfactory because of poor solubility. However,
in the absence of a buffer solution, complete photolysis of 28a was achieved in
28a
approximately 2.5 h, and two photoproducts 39a and 39b were observed. Due to the
above solubility problem, the quantum yields were not determined. But the high
28a
conversion of reactant to photoproduct in CD3CN provided the incentive to use this
system with modifications to increase the solubility in aqueous buffered media.
28a
To increase the solubility, 3-hydroxy-benzo[b]thiophene-2-carboxylic
acidmethyl-(9-oxo-9H-thioxanthen-2-yl)-amide 41 was synthesized with carboxylate at
28a

28a

28a

Scheme 5.3.
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the C-6 position of the benzothiophene ring. The synthesis involved the demethylation of
the methoxy group of ester 40 using BBr3. The amide was prepared using the amide
coupling of acid chloride 16 (chapter 2) and the 2-methylaminothioxanthone (Scheme
5.3).

IV.

3-hydroxy naphthol[1,2-b]thiophene-2-carboxylic acid N-methyl-(9-oxo9H-thioxanthen-2-yl) amide

As mentioned eaelier, triplet energy transfer from the thioxanthone to the
benzothiophene ring is endothermic and was therefore suspected as a potential reason for
low quantum yields. In order to facilitate energy transfer from thioxanthone excited state,
it was thought that naphthothiophenes such as 42 has ET = 62, which would be more
favorable for triplet excitation transfer from the triplet excited state of thioxanthone.

Compound 42 was previous synthesized by a coworker (Jayasekara, 2016)38 with a
chloride as the only leaving group. In this work the C-3 chloro was replaced with a C-3
hydroxyl group. One major advantage of the naphthothiophene ring system was that only
one regio isomeric photoproduct was observed during photolysis with thioxanthone
chromphore as the attached chromophore. Unlike the benzothiophene ring system, the
naphthothiophene ring system does not need a carboxyl group attached to the ring system
in order to achieve a regiospecific outcome in the photochemistry. Solubility
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improvements could be achieved by incorporating the carboxyl group to the thioxanthone
ring. This simplifies the syntheses, considerably.

The synthesis of compound 43 involves the deprotection of the methoxy group of
ester 46 using BBr3. Ester 46 was prepared by the amide coupling of acid chloride 44 and
methyl amine 45 (Scheme 5.4).

Scheme 5.4. Synthesis of 3-hydroxy naphthol[1,2-b]thiophene (43)
V.

Synthesis of 3-Methoxy-naphtho[1,2-b]thiophene-2-carbonyl chloride
(44).
Commercially available 2-naphthaldehyde underwent Knoevenagel condensation

with malonic acid to afforded trans cinnamic acid 48 (Scheme 5.5). The trans cinnamic
acid 48 was cyclized using the method described by Higa to give acid chloride 50, that
was esterified in methanol to give a methyl carboxylate 51
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Scheme 5.5. Synthesis of 3-Methoxy-naphtho[1,2-b]thiophene-2-carbonyl chloride.

Oxidation of the sulfur to a sulfoxide 52 using H2O2 enabled the substitution of the
chloride by the methoxide to give 53. Reduction of the of the sulfoxide with
chlorotrimethylsilane afforded ester 54. Base hydrolysis gave the corresponding
carboxylic acid 55, which was converted to the corresponding acid chloride 44 using
thionyl chloride
VI.

Synthesis of methyl 7-(methylamino)-9-oxo-9H-thioxanthene-2-

carboxylate (45). Commercially available 4-mercaptobenzoic acid and 2-chloro-5nitrobenzoic acid were reflux under basic conditions to give the dicarboxylic acid 55,

111

Scheme 5.6. Synthesis of thioxanthene-2-carboxylate 45

which was cyclized. using sulfuric acid to give carboxylic acid 56 (Scheme 5.6). The
carboxylic acid was esterified using thionyl chloride in methanol to afford compound
ester 57. Reduction of the nitro group in 57 was achieved using iron to give the amine 58
in 30 % yield. The amine was protected with a Boc group to give compound 59. The Boc
protected amine was then methylated to give 60 in 70% yield using iodomethane and
NaH in THF. Acid hydrolysis of the Boc group then afforded the N-methyl thioxanthone
45.
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VII.

Experimental section.

3-Chlorobenzo[b]thiophene-2-carbonyl chloride (33).To a stirred solution of
20.0 g (135 mmol) of trans-cinnamic acid in 150 mL of chlorobenzene at room
temperature was added 49.0 mL (681 mmol) of thionyl chloride. The solution was stirred
at room temperature for 15 minutes followed by dropwise addition of 1.10 mL (13.8
mmol) of pyridine. The resulting solution was heated to reflux for 72 h. Two thirds of the
solvent was removed by distillation followed by addition of 120 mL of hexane. The solid
product then precipitated out the hexane, vacuum filtered and further triturated with cold
hexane to give 18.2g (57.7 % yield) of pure compound 33, mp 113-115 ˚C. 1H NMR
(CDCl3) δ 7.53 (ddd, J = 8.2, 1.1 Hz, 1H), 7.61 (ddd, J = 8.2, 1.1 Hz, 1H), 7.82 (dt, 8.2,
1.1 Hz, 1H), 8.00 (dt, J = 8.2, 1.1 Hz, 1H); 13C NMR (CDCl3, 400 Hz) 122.8, 124.7,
126.3, 129.5, 129.9, 130.7, 137.1, 140.4, 158.2

Methyl 3-chlorobenzo[b]thiophene-2-carboxylate (34).A solution of 4.0 g (19
mmoles) of acid chloride 15 in 200 mL of methanol was refluxed for 4 h. The solvent
was removed in vacuo to give a crude product. The crude product was then crystallized
from methanol to give 3.4 g (83 % yield) 34, mp 78-79 ˚C. 1H NMR (CDCl3) δ 3.94 (s,

113
3H), 7.45 (s, 2H), &.76 (s, 1H), 7.90 (s, 1H); 13C NMR (CDCl3, 400Hz) δ 52.9, 122.7,
123.8, 125.5, 128.2, 136.9, 138.6, 161.8.

Methyl 3-chlorobenzo[b]thiophene-2-carboxylate-1-oxide (35). To a stirred
solution of 2.41 g (10.0 mmol) of ester 34 in 25.0 mL of dichloromethane, was added
25.0 mL of trifluoroacetic acid. The resulting solution was stirred for 5 min followed by
addition 1.20 mL (10.0 mmoles) of 30% H2O2. The resulting solution was stirred at room
temperature and monitored with TLC (50:50, EtOAc/hexane). The reaction was
monitored by TLC for 3 h. After completion, 1.20 g of solid sodium bisulfite and H2O
(15.0 mL) were added and stirred for an additional 15 min. The reaction mixture was
then extracted with 150 mL of CH2Cl2. The combined organic phase was washed three
times with saturated NaHCO3, brine, dried over anhyd. sodium sulfate and concentrated
in vacuo to give a crude product. The crude product crystallized from ethyl acetate to
give 1.92 g (78 % yield) of yellow crystals of pure product 35, mp 153-154 ˚C. 1H NMR
(CDCl3, 400Hz) δ 4.00 (s, 3H), 7.69-7.74 (m, 2H), 7.78-7.82 (m, 1H), 7.94-7.98 (m, 1H);
C NMR (CDCl3, 400 Hz) δ 57.9, 125.0, 126.5, 132.7, 132.9, 134.5, 136.1, 143.2,

13

146.01, 160.6

Methyl 3-Methoxybenzo[b]thiophene-2-carboxylate-1-oxide (36). To a
solution of 3.52 g (14.4 mmol) of 35 in 50.0 mL of acetonitrile was added 3.4 g (63
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mmol) of solid sodium methoxide followed by 20 mL of methanol under nitrogen. The
reaction mixture was stirred at room temperature 12 h. The reaction mixture was diluted
with 60 mL of water and extracted three times with DCM. The combined organic layers
were washed with satd. NaCl solution, dried over MgSO4, and concentrated in vacuo give
a that solidifies to a yellow solid. Purification was done flash chromatograph to give 2.9
g, (85% yield) of 3, mp 35-36 ˚C. 1H NMR (CDCl3, 400 Hz), 3.94 (s, 3H), 4.40 (s, 3H),
7.46-7.76 (m, 3H), 7.79-7.92 (m, 1H)

Methyl 3-methoxybenzo[b]thiophene-2-carboxylate (37). To a stirred mixture
of 4.12 g (13.6mmol) of 36 and 4.05 g (29.4 mmol) of dry sodium iodide in 80.0 mL of
dry acetonitrile was slowly added 3.40 mL (27.0 mmol) of chlorotrimethylsilane under
nitrogen at room temperature. The reaction mixture was stirred at room temperature and
monitored with TLC until completion. After 3 h 50 mL of water was added the reaction
mixture and stirred for 15 minutes. The reaction mixture was then washed with 100 mL
1M sodium thiosulfate solution and extracted three times with CH2Cl2. The combined
organic layer was washed with water, brine, dried over anhydrous sodium sulfate and
concentrated in vacuo to give a crude product. The crude product was crystallized from
methanol to give 2.91 g (81% yield) of colorless needles of ester 37, mp 35-36 ˚C, δ 3.91
(s, 3H), 4.17 (s, 3H), 7.40 (t, J= 7.46 Hz, 1H) 7.48 (t, J = 7.46, 1H), 7.48 (d, J = 3.32,
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1H), 7.88 (d, J = 3.32, 1H); 13C NMR (CDCl3, 400Hz) δ 52.2, 62.7, 114.8, 122.9, 122.9,
124.5,, 128.0, 128.9, 133.7, 138.0, 1567.0, 162.2

3-Methoxybenzo[b]thiophene-2-carboxylic acid (38). To a stirred solution of
3.21 g (13.5mmol) ester 37 in 80 mL of methanol was added a solution of 1.63 g (41.0
mmol) NaOH in 40.0 mL of water. The resulting solution was refluxed at for 3 h. The
reaction solution was then brought to room temperature and diluted with 70 mL of water.
The resulting solution was washed with ethyl acetate and the aqueous layer acidified
with HCl to pH. The precipitate was vacuum filtered and dried overnight to give 2.6 g (
93% yield) of pure compound 38, mp 152-153 ˚C 1H NMR (CDCl3, 400 Hz) δ 4.23 (s,
3H), 7.43 (t, J = 7.7 Hz, 1H), 7.51 (t, J = 7.7 Hz, 1H), 7.79 (d, J = 8.2 Hz, 1H), 7.90 (d, J
= 8.2 Hz, 1H), 12.31 (br, 1H)

3-Methoxy-benzo[b]thiophene-2-carboxylic acid methyl-(9-oxo-9Hthioxanthen-2-yl)-amide (30). To a stirred solution of 1.42 g (6.21 mmol) 2methylaminothioxanthen-9-one 32 in 18 mL of triethylamine and 20 mL anhydrous
CH2Cl2 was added a solution of 1.52 g (7.51 mmol) acid chloride 29 in 15 mL of
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anhydrous CH2Cl2 at 5-8 ˚C under nitrogen. A catalytic amount of DMAP was added.
The resulting solution was warmed to room temperature and stirred for additional 48 h.
The reaction was diluted with 30 mL of CH2Cl2, then filtered to remove triethylamine
hydrochloride. The filtrate was sequentially washed three time with saturated NaHCO3,
H2O, three times with 2 M HCl, saturated NaCl solution, dried with MgSO4 and
concentrated in vacuo to give a crude product. The crude product was purified by flash
chromatography to give 1.61 g (63 % yield) of amide 30, mp 160-161 ˚C 1H NMR
(CDCl3) δ 3.58 (s, 3H), 4.07 (s, 3H), 7.27 (m, 2H), 7.44 (m, 4H), 5.57 (m, 2H), 7.65 (d, J
= 7.56, 2H); 13C NMR (CDCl3 δ 38.6, 61.6, 116.3, 122.15, 122.7, 124.3, 126.0, 126.5,
126.5, 126.8, 128.6, 129.8, 129.8, 130.7, 132.5, 132.3, 135.7, 136.9, 137.3, 142.1, 151.0,
164.1, 179.3, 201.3

3-Hydroxy-benzo[b]thiophene-2-carboxylic acid methyl-(9-oxo-9Hthioxanthen-2-yl)-amide (28). To a stirred solution of 1.5 g (3.6 mmol) of amide 30 in
30 mL of CH2Cl2 at -70 ˚C (dry ice/acetone bath) was slowly added 7.2 mL 1 M (7.2
mmol) solution of boron tribromide in CH2Cl2. The reaction mixture was stirred for 2 h
and then slowly brought to 0 ˚C, then to room temperature for another 1 h. The reaction
mixture was quenched by addition of 50 mL of water. The aqueous layer was separated
and extracted with CH2Cl2. The combined organic layers were washed with water,
saturated NaHCO3, brine and dried over anhydrous MgSO4. Evaporation of the solvent
gives a crude product that crystallized from ethanol to give 1.10 g (75 % yield) of brown
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solid crystal. Mp 221-223 ˚C 1H NMR (400 MHz, cdcl3) δ 13.07 (s, 1H), 8.62 (s, 1H),
7.94 – 7.84 (m, 1H), 7.76 – 7.48 (m, 2H), 7.39 – 7.20 (m, 1H), 3.48 (s, 1H). 13C NMR
(101 MHz, cdcl3) δ 179.2, 167.8, 162.1, 139.9, 138.8, 138.3, 136.8, 133.0, 132.8, 130.5,
130.3, 130.0, 130.0, 128.8, 128.4, 127.85, 126.9, 126.1, 124.2, 122.7, 122.1, 101.2, 38.7.

Benzo[b]thiophene-2-carboxylic acid methyl-(9-oxo-9H-thioxanthen-2-yl)amide-3-phenylacetate (28a). To a stirred solution of 0.5 g (1.3 mmol) of amide 30 and
3 mL of triethylamine in 10 mL of CH2Cl2 was slowly added a solution of 0.4 mL (3
mmol) of phenylacetyl chloride in 5 mL of CH2Cl2 in an ice bath under nitrogen. A
catalytic amount of DMAP was added. The resulting solution was stirred at room
temperature for 12 h. The reaction mixture was diluted with 20 mL of CH2Cl2,
sequentially washed three time with saturated NaHCO3, H2O, three times with 2 M HCl,
saturated NaCl solution, dried with MgSO4 and concentrated in vacuo to give a crude
product. The crude product was purified by chromatography to give 0.48 g (71 % yield)
yellow crystals; mp 96-97 1H NMR (400 MHz, cdcl3) δ 8.61 (dd, J = 8.8, 5.3 Hz, 2H),
7.72 – 7.12 (m, 14H), 4.02 (s, 2H), 3.52 (s, 3H). 13C NMR (101 MHz, cdcl3) δ 179.4,
168.9, 162.6, 142.0, 137.2, 137.0, 136.2, 133.2, 132.57, 131.9, 131.5, 120.0, 129.8, 129.6,
128.8, 127.5, 127.2, 127.0, 126.8, 126.6, 126., 124.7, 122.5, 121.50, 41.2, 38.3.
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Methyl 3-hydroxy-2-(methyl(9-oxo-9H-thioxanthen-2yl)carbamoyl)benzo[b]thiophene-6-carboxylate.To a stirred solution of 1.5 g (3.6
mmol) of amide 40 in 30 mL of CH2Cl2 at -70 ˚C (dry ice/acetone bath) was slowly added
7.2 mL 1 M (7.2 mmol) solution of boron tribromide in CH2Cl2. The reaction mixture
was stirred for 2 h and then slowly brought to 0 ˚C, then to room temperature for another
1 h. The reaction mixture was quenched by addition of 50 mL of water. The aqueous
layer was separated and extracted with CH2Cl2. The combined organic layers were
washed with water, saturated NaHCO3, brine and dried over anhydrous MgSO4.
Evaporation of the solvent gives a crude product that crystallized from ethanol to give
1.10 g (75 % yield) of brown solid crystal. 1H NMR (400 MHz, cdcl3) δ 12.97 (s, 1H),
8.62 (dd, J = 5.3, 1.8 Hz, 2H), 8.07 (s, 1H), 7.92 (d, J = 0.5 Hz, 2H), 7.74 (d, J = 8.4 Hz,
1H), 7.72 – 7.63 (m, 2H), 7.60 (dd, J = 8.5, 2.4 Hz, 1H), 7.57 – 7.51 (m, 1H), 3.85 (s,
3H), 3.52 (s, 3H).
Methyl 2-(methyl(9-oxo-9H-thioxanthen-2-yl)carbamoyl)-3-(2phenylacetoxy) benzo[b]thiophene-6-carboxylate.The same procedure was followed as
in the synthesis of compound 33 above. 1H NMR (400 MHz, cdcl3) δ 8.61 (d, J = 7.8 Hz,
2H), 8.23 (s, 1H), 7.88 (d, J = 8.5 Hz, 1H), 7.69 – 7.22 (m, 11H), 4.02 (s, 2H), 3.86 (s,
3H), 3.52 (s, 3H). 13C NMR (101 MHz, cdcl3) δ 179.4, 168.4, 162.59, 142.0, 137.2,
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137.0, 136.2, 133.2, 132.6, 132.0, 131.5, 130.0, 129.8, 129.6, 128.8, 127.5, 127.2, 127.0,
126.8, 126.6, 126.07, 124.7, 122.5, 121.5, 61.1, 41.2, 38.3.
3-(2-Naphthalenyl)-(2E)-2-propenoic acid (48)

(E)-3-(naphthalen-2-yl)acrylic acid. To a stirred solution of 2-naphthaldehyde
(14.25 g, 91.00 mmoles) was added 11.42g (110 mmoles) of malonic acid at room
temperature and stirred for 5 minutes followed by addition of 1 mL, 101 mmoles) of
piperidine. The reaction mixture was then refluxed for 6 h. until the evolution of CO2 was
complete. The solution was then cooled to room temp., diluted with 500 ml of water, and
acidified to pH2 with conc. HCl solution. The precipitate was filtered, washed with
water 3 times to give the crude that crystallized from ethanol to give 14.56g (58% yield)
of colorless crystals, mp 208-209 ˚C. 1H NMR (300 MHz, d6-DMSO) δ 12.50 (s, 1H),
8.20 (s, 1H), 7.92 (dd, J = 19.6, 7.9 Hz, 4H), 7.78 (d, J = 16.0 Hz, 1H), 7.64 – 7.52 (m,
2H), 6.69 (d, J = 16.0 Hz, 1H).
; 13C NMR (101 MHz, d6-DMSO) δ 168.1, 144.4, 134.1, 133.3, 132.3, 130.1, 128.9,
128.9, 128.1, 127.7, 127.2, 124.4, 120.0.
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3-Chloro-naphtho[1,2-b]thiophene-2-carbonyl chloride (50). To a stirred
suspension of 14.56 g (74 mmoles) of acid 48 in 100 mL of chlorobenzene was added
30 mL (419 mmoles) of thionyl chloride followed by 1.2 mL of pyridine. The resulting
solution was set to reflux for 72 h. The hot solution was filtered to remove solid salts.
The filtrate crystallized to form yellow needles that were filtered and washed with cooled
hexane to give 10 g (70% yield) of pure compound, mp 191-193 ˚C; 1H NMR δ 7.74 (m,
2H), 7.90 (dd, J = 8.6 Hz, 1.1 J = 1.1 Hz, 1H) 8.14 (d, J = 8.6, 1H), 8.13-8.16 (m, 1H),
7.24-8.27 (m, 1H)

Methyl 3-chloro-naphtho[1,2-b]thiophene-2-carboxylate (51). A solution of
5.3 g (18.5 mmol) acid chloride 50 was reflux in 500 mL of methanol for 5 h. The
resulting solution was brought to room, then cool in an ice bath. The product crystallizes
from the solvent to give 4.5 g (87.5% yield) of 51 , mp 140-141˚C; 1H NMR (300 MHz,
CDCl3) δ 8.05 (dd, J = 5.7, 3.3 Hz, 1H), 7.89 (dd, J = 6.1, 3.0 Hz, 1H), 7.78 (q, J = 8.8
Hz, 2H), 7.58 (dd, J = 6.0, 3.2 Hz, 2H), 3.98 (s, 3H). 13C NMR (101 MHz, cdcl3) δ 161.6,
137.9, 134.8, 132.4, 129.1, 128.4, 127.9, 127.7, 127.4, 126.9, 124.2, 123.3, 120.4, 52.5.
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Methyl 3-chloro-naphtho[1,2-b]thiophene-2-carboxylate-1-oxide (52). To a
stirred solution of 5.2 g (18.9 mmol) ester 51 in 50 mL of CH2Cl2 was added 50 mL of
trifluoracetic acid. The resulting mixture was stirred for 15 min. followed by addition of
2.2 mL (19.0 mmol) of 30% H2O2. The resulting solution was stirred at room temperature
for 3 h. A 100 mL of CH2Cl2 was then added and the resulting solution washed three
times with saturated NaHCO3, brine, dried with anhydrous sodium sulfate and
concentrated in vacuo to give a crude product. The crude product crystallized from
acetonitrile to give 3.6 g (73% yield) of short yellow needle, mp 220-221 ˚C; 1H NMR
(400 MHz, cdcl3) δ 8.45 (d, J = 8.5 Hz, 1H), 8.09 (d, J = 8.5 Hz, 1H), 7.95 (d, J = 7.7 Hz,
1H), 7.79 – 7.75 (m, 1H), 7.68 (dddd, J = 21.1, 8.1, 7.0, 1.3 Hz, 2H), 4.04 – 4.01 (m, 3H).
C NMR (101 MHz, cdcl3) δ 160.2, 145.7, 140.0, 135.4, 135.1, 133.9, 132.7, 129.4,
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129.2, 129.1, 129.2 123.9, 120.0, 53.0.

Methyl 3-methoxy-naphtho[1,2-b]thiophene-2-carboxylate-1-oxide (52). To a
stirred suspension of 4.21 g (14.21mmol) of 51 in 60 mL CH3CN was added 1.7 g (30.48
mmol) of NaOMe followed by 10 mL of anhydrous CH3OH at room temperature under
nitrogen. The resulting mixture was stirred at 40 ˚C for 12 h. The reaction was quenched
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with 30 mL of water and extracted with DCM. The combined organic layer was dried
with anhydrous magnesium sulfate and concentrated in vacuo to give a crude product .
Trituration of the crude product with diethyl ether in hexane gave 2.82 g ( 71% yield) of a
colorless solid, mp 175-176 ˚C 1H NMR (400 MHz, CDCl3) δ 8.48 (d, J = 8.2 Hz, 1H),
8.03 (d, J = 8.3 Hz, 1H), 7.93 (d, J = 8.3 Hz, 1H), 7.75 – 7.58 (m, 3H), 4.45 (s, 3H), 3.98
(s, 3H). 13C NMR (101 MHz, CDCl3) δ 164.9, 161.5, 139.4, 135.1, 133.3, 132.1, 129.1,
1289.0, 128.8, 128.5, 123.9, 119.3, 114.6, 63.2, 52.7.

Methyl 3-methoxy-naphtho[1,2-b]thiophene-2-carboxylate (53). To a stirred
mixture of 1.78 g (6.18 mmol) of 51 and 1.53 g (10.2 mmol) sodium iodide in 40 mL of
dried acetonitrile was added slowly 1.30 mL (10.3 mmol) of chlorotrimethylsilane under
nitrogen at room temperature. The resulting mixture was stirred at room temperature for 4
h. The reaction was quenched by addition of 5 mL of water to the solution. The resulting
solution was washed with 60 mL of 1 M sodium thiosulfate solution and extracted with
CH2Cl2. The combined organic layer was dried with anhydrous sodium sulfate and
concentrated in vacuo to give a crude product. The crude was crystallized from methanol
to give 1.2 g (71% yield) colorless crystals, mp 104-105 ˚C. 1H NMR (400 MHz, cdcl3) δ
8.48 (d, J = 8.2 Hz, 1H), 8.03 (d, J = 8.3 Hz, 1H), 7.93 (d, J = 8.3 Hz, 1H), 7.75 – 7.58
(m, 3H), 4.45 (s, 3H), 3.98 (s, 3H).13C NMR (101 MHz, cdcl3) δ 162.1, 157.9, 137.3,
132.6, 131.4, 129.0, 128.4, 127.4, 127.0, 125.89, 123.0, 119.9, 114.0, 62.9, 52.2.
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3-Methoxy-naphtho[1,2-b]thiophene-2-carboxylic acid (54). A solution of 0.79
g (20.0 mmol) of NaOH in 10 mL of H2O was added to a stirred solution of 1.7 g (6.25
mmol) of ester 53 in 40 mL of CH3OH. After refluxing for 4 h., the reaction mixture was
diluted with 50 mL of water washed one time with DCM and the aqueous layer acidified
with HCl. The precipitate was filtered, washed with water, and dried to give 1.31 g (80%
yield) colorless powdery solid, mp 213-214 ˚C.
1

H NMR (400 MHz, dmso-d6) δ 13.38 (s, 1H), 8.23 – 8.16 (m, 1H), 8.12 – 8.05 (m, 1H),

7.92 (d, J = 8.8 Hz, 1H), 7.83 (d, J = 8.7 Hz, 1H), 7.73 – 7.64 (m, 2H), 4.14 (s, 3H).

2-((4-carboxyphenyl)thio)-5-nitrobenzoic acid (55).To a stirred solution of
mixture of 1.8 g (9.1 mmol) of 2-chloro-5-nitrobenzoic acid and 0.8 g (14.3 mmol) of
KOH in 100 mL was added a stirred solution of 1.7 g (11.0 mmol) of 4-mercaptobenzoic
acid and 1.5 g (26.7 mmol) of KOH in 150 mL of ethanol. The reaction mixture was
gently heated and then set to refluxed for 6 h. The reaction mixture was then concentrated
in vacuo to removed 2/3 of the ethanol. The residue was then diluted with 150 ml of
water, acidify to pH 2 using HCl and the resulting precipitate filtered to give 2.5 g (84%
yield) of compound 55 that was used for the next step without further purification.
NMR. 1H NMR (400 MHz, dmso-d6) δ 13.63 (s, 1H), 8.66 (d, J = 2.7 Hz, 1H), 8.19 (dd,
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J = 9.0, 2.7 Hz, 1H), 8.13 – 8.02 (m, 2H), 7.79 – 7.68 (m, 2H), 6.95 (d, J = 9.0 Hz, 1H).
C NMR (101 MHz, dmso-d6) δ 167.3, 166.5, 151.1, 144.82, 136.6, 136.1, 132.9, 131.7,
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128.4, 128.1, 128.1, 127.4, 126.4.

7-nitro-9-oxo-9H-thioxanthene-2-carboxylic acid (56). A solution of 3.81 g
(11.43 mmol) of dicarboxylic acid 55 in 30 mL concentrated sulfuric acid was heated
between 90 ˚C for 3 h. The reaction mixture was then brought to room temperature and
then poured into 100 mL of ice. The precipitate was filtered and washes with water until
all the acid was removed to give 2.5 g (73% yield) of product. 1H NMR (400 MHz,
DMSO-d6) δ 13.67 – 13.10 (m, 1H), 9.07 (d, J = 2.2 Hz, 1H), 8.95 (s, 1H), 8.52 (d, J =
8.9 Hz, 1H), 8.25 (d, J = 8.2 Hz, 1H), 8.18 (d, J = 8.9 Hz, 1H), 8.04 (d, J = 8.4 Hz, 1H).

Methyl 7-nitro-9-oxo-9H-thioxanthene-2-carboxylate(57). To a mixture of 2.31
g (7.67 mmol) of carboxylic acid 56 in 100 mL of anhyd. methanol was slowly added 7
mL (96.8mmol) of thionyl chloride and the reaction mixture was set to reflux overnight.
The reaction mixture was then brought to room temperature precipitate was filtered in
vacuo. The precipitate was washed with cold water to give 2.11 g (87% yield). It was
difficult to take an NMR because the compound was not soluble DMSO or other
solvents. The crude product was used for the next step without further purification or
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Methyl 7-amino-9-oxo-9H-thioxanthene-2-carboxylate (58). A mixture of 2.5 g
(7.9 mmol) of methyl carboxylate 57, 2.6 g (50.1 mmol) ammonium chloride, 1.4 g (25.6
mmol) of iron in 96 mL of water and 320 mL of ethanol were refluxed using a
mechanical stirrer for 12 h. At the end of the reaction, the hot solution was vacuum
filtered through celite. The filtrate was extracted three times with chloroform and the
combined organic layers were washed with satd. NaCl solution, dried with anhydrous
sodium sulfate, and concentrated in vacuou to give 1.2 g (53 % yield) of a yellow
powdery product. 1H NMR (400 MHz, cdcl3) δ 9.24 (d, J = 1.6 Hz, 1H), 8.19 (dd, J = 8.5,
1.6 Hz, 1H), 7.90 (d, J = 2.7 Hz, 1H), 7.61 (d, J = 8.5 Hz, 1H), 7.40 (d, J = 8.6 Hz, 1H),
7.06 (dd, J = 8.6, 2.7 Hz, 1H), 3.95 (s, 3H)

Methyl 7-((tert-butoxycarbonyl)amino)-9-oxo-9H-thioxanthene-2carboxylate(59) To a solution of 5.0 g ( 16.9 mmol) of thioxanthone amine 58 in 50 mL
of dioxane was added 12.6 mL of triethylamine and 14.6 g (66.9 mmol) of BOC2O and
the reaction mixture reflux under nitrogen and monitored with TLC until the complete
consumption of the starting material. The reaction mixture was then diluted with 100 mL
of water and extracted 3 times with DCM. The combined organic layer was washed with
saturated NaCl solution, dried over anhyd. Na2SO4 and concentrated in vacuo to give the
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crude. The crude was purified from DCM in 40% hexane to give 3.1 (46% yield) of
product. 1H NMR (400 MHz, cdcl3) δ 9.19 (d, J = 1.7 Hz, 1H), 8.29 (s, 1H), 8.18 (dd, J =
8.4, 1.9 Hz, 1H), 8.13 (s, 1H), 7.59 (d, J = 8.4 Hz, 1H), 7.51 (d, J = 8.8 Hz, 1H), 7.04 (s,
1H), 3.97 (s, 3H), 1.54 (s, 9H)

Methyl 7-((tert-butoxycarbonyl)(methyl)amino)-9-oxo-9H-thioxanthene-2carboxylate (60).To a solution of 0.7 g (1.9 mmol) amide 59 in 20 mL of DMF was
slowly added 0.25 g (10 mmol) of NaH and the reaction mixture was stirred room
temperature. After 15 minutes, 1 mL ( 16 mmol) of iodomethane was added and the
reaction stirred at room temperature and monitored with TLC until completion. After 24
hrs., the reaction mixture was diluted with 30 mL of water and extracted 3 times with
ethyl acetate. The combined organic layers were washed with saturated NaCl solution
and concentrated in vacuo to give 0.4 g (53% yield) of product. 1H NMR (400 MHz,
cdcl3) δ 9.25 (d, J = 1.8 Hz, 1H), 8.44 (d, J = 2.5 Hz, 1H), 8.24 (dd, J = 8.5, 1.9 Hz, 1H),
7.70 (d, J = 8.4 Hz, 1H), 7.65 (d, J = 8.4 Hz, 1H), 7.54 (d, J = 8.7 Hz, 1H), 3.99 (s, 3H),
3.38 (s, 3H), 1.49 (s, 9H). 13CNMR (101 MHz, cdcl3) δ 178.9, 165.9, 154.3, 142.8, 142.0,
132.6, 132.1, 131.5, 130.7, 129.2, 128.4, 128.1, 126.3, 126.1, 124.5, 81.1, 52.4, 37.0, 28.3

Methyl 7-(methylamino)-9-oxo-9H-thioxanthene-2-carboxylate(45). To a
solution of 3.12 g (7.81 mmol) was added 10 mL of TFA and the solution stirred at room
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temperature overnight. The reaction was then diluted with 50 mL of 3 M KOH. The
resulting precipitate was filtered and washed with cold water to give 2.11 g (90% yield)
of product. 1H NMR (400 MHz, cdcl3) δ 9.26 (d, J = 1.9 Hz, 1H), 8.18 (dd, J = 8.5, 2.0
Hz, 1H), 7.76 (d, J = 2.7 Hz, 1H), 7.62 (d, J = 8.4 Hz, 1H), 7.40 (d, J = 8.7 Hz, 1H), 3.98
(s, 3H), 2.97 (s, 3H). 13C NMR (101 MHz, cdcl3) δ 179.4, 166.3, 148.4, 142.8, 131.63
131.4, 130.1, 128.4, 127.5, 127.5, 126.9, 126.2, 123.9, 120.0, 109.4, 52.3, 30.7.

Methyl 7-(3-methoxy-N-methylnaphtho[1,2-b]thiophene-2-carboxamido)-9oxo-9H-thioxanthene-2-carboxylate(43). To a stirred solution of 1.3 g (4.3 mmol) 2methylaminothioxanthen-9-one 45 in 18 mL of triethylamine and 30 mL anhydrous
CH2Cl2 was added a solution of 1.7 g (4.3 mmol) acid chloride 44 in 15 mL of anhydrous
CH2Cl2 at 5-8 ˚C under nitrogen. A catalytic amount of DMAP was added. The resulting
solution was warmed to room temperature and stirred for additional 48 h. The reaction
was diluted with 30 mL of CH2Cl2, then filtered to remove triethylamine hydrochloride.
The filtrate was sequentially washed three time with saturated NaHCO3, H2O, three times
with 2 M HCl, saturated NaCl solution, dried with MgSO4 and concentrated in vacuo to
give a crude product. The crude product was purified by flash chromatography to give 0.8
g (34 % yield) of product. 1H NMR (400 MHz, cdcl3) δ 9.21 (s, 1H), 8.58 (s, 1H), 8.21
(d, J = 8.5 Hz, 1H), 7.94 (d, J = 8.6 Hz, 1H), 7.88 – 7.80 (m, 1H), 7.62 (dd, J = 16.5, 9.5
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Hz, 3H), 7.50 (dd, J = 9.1, 5.7 Hz, 3H), 7.41 (d, J = 8.6 Hz, 1H), 4.11 (s, 3H), 3.97 (s,
3H), 3.64 (s, 3H).13C NMR (75 MHz, CDCl3) δ 179.0, 166.2, 164.3, 152.6, 143.2, 142.0,
136.3, 134.9, 132.6, 132.1, 131.8, 131.3, 130.3, 120.0, 129.1, 128.7, 128.5, 127.1, 127.0,
127.0, 126.73, 126.6, 125.8, 123.1, 119.9, 116.1, 62.2, 52.7, 38.7.

Methyl 7-(3-hydroxy-N-methylnaphtho[1,2-b]thiophene-2-carboxamido)-9oxo-9H-thioxanthene-2-carboxylate(43)To a stirred solution of 0.5 g (0.95 mmol) of
amide 44 in 20 mL of CH2Cl2 at -70 ˚C (dry ice/acetone bath) was slowly added 7.2 mL 2
M (2 mmol) solution of boron tribromide in CH2Cl2. The reaction mixture was stirred for
2 h and then slowly brought to 0 ˚C, then to room temperature for another 1 h. The
reaction mixture was quenched by addition of 50 mL of water. The aqueous layer was
separated and extracted with CH2Cl2. The combined organic layers were washed with
water, saturated NaHCO3, brine and dried over anhydrous MgSO4. Evaporation of the
solvent gives a crude product that crystallized from ethanol to give 0.32 g (64 % yield) of
brown solid crystal. 1H NMR (400 MHz, cdcl3) δ 13.04 (s, 1H), 9.26 (d, J = 1.9 Hz, 1H),
8.69 (d, J = 2.4 Hz, 1H), 8.30 (dd, J = 8.5, 1.9 Hz, 1H), 7.84 (t, J = 9.2 Hz, 2H), 7.77 (d, J
= 8.5 Hz, 1H), 7.73 – 7.64 (m, 3H), 7.59 (d, J = 7.8 Hz, 1H), 7.48 – 7.43 (m, 1H), 7.37 –
7.31 (m, 1H), 3.99 (s, 3H), 3.55 (s, 3H).
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Methyl 7-(3-acetoxy-N-methylnaphtho[1,2-b]thiophene-2-carboxamido)-9oxo-9H-thioxanthene-2-carboxylate (61). The same procedure was used as in the
synthesis of 13h. 1H NMR (400 MHz, cdcl3) δ 9.26 (d, J = 1.8 Hz, 1H), 8.67 (d, J = 2.4
Hz, 1H), 8.24 (dd, J = 8.4, 1.9 Hz, 1H), 7.83 (t, J = 8.6 Hz, 2H), 7.68 (d, J = 8.8 Hz, 1H),
7.66 – 7.58 (m, 2H), 7.53 (d, J = 8.8 Hz, 1H), 7.50 – 7.40 (m, 3H), 3.98 (s, 3H), 3.59 (s,
3H), 2.46 (s, 3H).
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APPENDIX 2.
DERIVATION OF EQUATIONS
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A. Reversible Triplet Energy Transfer Between Two States, Where Only One
State (Second Excited State) react in rapid equilibrium Φο.

Using steady state approximation
𝑑[1]
= 𝐼Φ𝑖𝑠𝑐 + 𝑘21 [2] − 𝑘12 [2] − 𝑘𝑖 [1] = 0
𝑑𝑡
[1] =

𝐼𝑄𝑖𝑠𝑐 + 𝑘21 [2]
𝑘12 + 𝑘𝑖

𝑑[2]
= 𝑘12 [1] − 𝑘21 [2] − 𝑘𝑑 [2] − 𝑘𝑟 [2]
𝑑𝑡
[2] =

𝑘12 [1]
𝑘21 + 𝑘𝑑 + 𝑘𝑟

𝐼Φ + 𝑘21 [2]
𝑘12 ( 𝑖𝑠𝑐
)
𝑘12 − 𝑘𝑖
(2) =
𝑘21 + 𝑘𝑑 + 𝑘𝑟

[2] =

[2] {1 −

𝐼Φ𝑖𝑠𝑐 𝑘12 (𝑘12 + 𝑘𝑖 ) + 𝑘12 𝑘21 [2]
(𝑘21 + 𝑘𝑑 + 𝑘𝑟 )(𝑘12 + 𝑘𝑖 )

𝑘12 𝑘21
𝐼Φ𝑖𝑠𝑐 𝑘12 (𝑘12 + 𝑘𝑖 )
)=
(𝑘21 + 𝑘𝑑 + 𝑘𝑟 )(𝑘12 + 𝑘𝑖 )
(𝑘21 + 𝑘𝑑 + 𝑘𝑟 )(𝑘12 + 𝑘𝑖 )

𝐼Φ𝑖𝑠𝑐 𝑘12 (𝑘12 + 𝑘𝑖 )

[2] =
{1 −

𝑘12 𝑘21
) (𝑘21 + 𝑘𝑑 + 𝑘𝑟 )(𝑘12 + 𝑘𝑖 )
(𝑘21 + 𝑘𝑑 + 𝑘𝑟 )(𝑘12 + 𝑘𝑖 )
[2] =

𝐼Φ𝑖𝑠𝑐 𝑘12 (𝑘12 + 𝑘𝑖 )
(𝑘21 + 𝑘𝑑 + 𝑘𝑟 )(𝑘12 + 𝑘𝑖 ) − 𝑘12 𝑘21
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𝑑𝑝
= Φ𝑜 𝐼Φ𝑖𝑠𝑐 = 𝑘𝑟 [2]
𝑑𝑡
Φ0 =

𝑘𝑟 𝑘12 (𝑘12 + 𝑘𝑖 )
𝑘21 𝑘12 + 𝑘21 𝑘𝑖 + 𝑘𝑑 𝑘12 + 𝑘𝑑 𝑘𝑖 + 𝑘𝑟 𝑘12 + 𝑘𝑟 𝑘𝑖 − 𝑘12 𝑘21
Φ0 =
=

𝑘𝑟 𝑘12 (𝑘12 + 𝑘𝑖 )
𝑘21 𝑘𝑖 + 𝑘𝑑 𝑘12 + 𝑘𝑑 𝑘𝑖 + 𝑘𝑟 𝑘12 + 𝑘𝑟 𝑘𝑖
𝑘𝑟 𝑘12 (𝑘12 + 𝑘𝑖 )
𝑘𝑖 (𝑘21 + 𝑘𝑑 + 𝑘𝑟 ) + 𝑘12 (𝑘𝑑 + 𝑘𝑟 )

𝑖𝑓 𝑤𝑒 𝑎𝑠𝑠𝑢𝑚𝑒 𝑘12 > 𝑘𝑖 𝑎𝑛𝑑 𝑘21 > 𝑘𝑑 + 𝑘𝑟
=
𝑋1 =

𝑘𝑟 𝑘12 (𝑘12 )
𝑘𝑖 (𝑘21 ) + 𝑘12 (𝑘𝑑 + 𝑘𝑟 )

𝑘21
𝑘21 + 𝑘12

𝑋2 =

𝑘12
𝑘21 + 𝑘12

𝑘12
𝑘𝑟 𝑘12 (
)
𝑘12 + 𝑘21
=
𝑘21
𝑘12
𝑘𝑖 (
)+
(𝑘 + 𝑘𝑟 )
𝑘12 + 𝑘21
𝑘12 + 𝑘21 𝑑
Φ0 =

B.

𝑘𝑟 𝑋2 𝑘12
𝑘𝑖 𝑋1 + (𝑘𝑑 + 𝑘𝑟 )𝑋2

Reversible Triplet Energy Transfer Between Two States, Where Only
State (Second Excited State) React in Rapid Equilibrium in the Presence of a
Quencher.
isc

(1)
T1

kd1

(2)

k12

T2
k21

k [Q]

(1) q1

kr
kd2

(2)k

q2[Q]

S0

(2)
(1)
Using steady state approximation

(2)
(1)

(2)
(1)

Product
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𝑑[1]
= 0 = 𝐼Φ𝑖𝑠𝑐 − 𝑘𝑖 [1] − 𝑘𝑞1 [𝑄][1] + 𝑘21 [2] − 𝑘12 [1]
𝑑𝑡
[1] =

𝐼 + 𝑘21 [2]
𝑘𝑖 + 𝑘12 + 𝑘𝑞1 [𝑄]

𝑑[2]
= 0 = 𝑘12 [1] − 𝑘21 [2] − 𝑘𝑑 [2] − 𝑘𝑟 [2] − 𝑘𝑞2 [𝑄][2]
𝑑𝑡
[2] =
[1] 𝑖𝑛 [2] → [2] =
[2] − (𝑘
[2] {1 −

𝑘12 [1]
𝑘21 + 𝑘𝑑 + 𝑘𝑟 + 𝑘𝑞2 [𝑄]

𝑘12 𝐼Φ𝑖𝑠𝑐 (𝑘𝑖 +𝑘12 +𝑘𝑞1 [𝑄])+𝑘12 𝑘21 [2]
(𝑘21 +𝑘𝑑 +𝑘𝑟 +𝑘𝑞2 [𝑄])(𝑘𝑖 +𝑘12 +𝑘𝑞1 [𝑄]

𝑘12 𝑘21 [2]
+𝑘
+𝑘
+𝑘
21
𝑑
𝑟
𝑞2 [𝑄])(𝑘𝑖 +𝑘12 +𝑘𝑞1 [𝑄])

= (𝑘

𝑘12 𝐼Φ𝑖𝑠𝑐 (𝑘𝑖 +𝑘12 +𝑘𝑞1[𝑄] )
21 +𝑘𝑑 +𝑘𝑟 +𝑘𝑞2 [𝑄])(𝑘𝑖 +𝑘12 +𝑘𝑞1 [𝑄]

(𝑘12 𝐼Φ𝑖𝑠𝑐 (𝑘𝑖 + 𝑘12 + 𝑘𝑞1 [𝑄])
𝑘12 𝑘21
}=
(𝑘21 + 𝑘𝑑 + 𝑘𝑟 + 𝑘𝑞2 [𝑄])(𝑘𝑖 + 𝑘12 + 𝑘𝑞1 [𝑄]
( ,, )( ,, )
[2] =

𝑘12 𝐼Φ𝑖𝑠𝑐 (k i + 𝑘12 + 𝑘𝑞1 [𝑄])
(𝑘21 + 𝑘𝑑 + 𝑘𝑞2 [𝑄])(𝑘𝑖 + 𝑘12 + 𝑘𝑞1 [𝑄] − 𝑘12 𝑘21

[2]
=

(𝑘12 𝐼Φ𝑖𝑠𝑐 (𝑘𝑖 + 𝑘12 + 𝑘𝑞1 [𝑄])
𝑘21 𝑘𝑖 + 𝑘21 𝑘12 + 𝑘21 𝑘𝑞1 [𝑄] + 𝑘𝑑 𝑘𝑖 + 𝑘𝑑 𝑘12 + 𝑘𝑑 𝑘𝑞1 [𝑄] + 𝑘𝑟 𝑘𝑖 + 𝑘𝑟 𝑘12 + 𝑘𝑟 𝑘𝑞1 [𝑄] + 𝑘𝑖 𝑘𝑞2 [𝑄] + 𝑘12 𝑘𝑞2 [𝑄] + 𝑘𝑞1 [𝑄]𝑘𝑞2 [𝑄] − 𝑘12 𝑘21

𝑑𝑃
= Φ𝐼Φ𝑖𝑠𝑐 = 𝑘𝑟 [2]
𝑑𝑡

𝛷
=

(𝑘𝑟 𝑘12 (𝑘𝑖 + 𝑘12 + 𝑘𝑞1 [𝑄])
𝑘𝑖 (𝑘21 + 𝑘𝑑 ) + 𝑘𝑑 𝑘12 + 𝑘𝑟 (𝑘𝑖 + 𝑘12 ) + [𝑄](𝑘21 𝑘𝑞1 + 𝑘𝑑 𝑘𝑞1 + 𝑘𝑟 𝑘𝑞1 + 𝑘𝑖 𝑘𝑞2 + 𝑘12 𝑘𝑞2 ) + 𝑘𝑞1 𝑘𝑞2 [𝑄]2

𝑘21 > 𝑘𝑑 + 𝑘𝑟 𝑎𝑛𝑑 𝑘12 > 𝑘𝑖

1
𝛷

=

(𝑘𝑖 𝑘21 +𝑘𝑑 𝑘12 +𝑘𝑟 𝑘12 +(𝑘21 +𝑘𝑑 +𝑘𝑟 )𝑘𝑞1 [𝑄]+(𝑘𝑖 +𝑘12 )𝑘𝑞2 [𝑄]+𝑘𝑞1 𝑘𝑞2 [𝑄]2 )
(𝑘𝑟 𝑘12 (𝑘𝑖 +𝑘12 +𝑘𝑞1 [𝑄])

Multiply top and bottom by 1/k12+k21
1 𝑘𝑖 𝑋1 + 𝑘𝑑 𝑋2 + 𝑋1 𝑘𝑞1 [𝑄] + 𝑋2 𝑘𝑞2 [𝑄] + 𝑘𝑞1 𝑘𝑞2 [𝑄]2 (𝑘12 + 𝑘21 )−1
=
𝛷
𝑘𝑟 𝑋2 (𝑘𝑖 + 𝑘12 + 𝑘𝑞1 [𝑄])
𝑋1 =
𝛷𝑜 = 𝑋

𝑘21
𝐾21 + 𝐾12

𝑋2 𝑘12 𝑘𝑟

1 𝑘𝑖 +𝑋2 (𝑘𝑑 +𝑘𝑟 )

𝑋2 =

and
Ƭ𝑒 = 𝑋

𝑘12
𝑘21 + 𝑘12

1

1 𝑘𝑖 (𝑘𝑟 +𝑘𝑑 )𝑋2
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𝛷𝑜
𝛷

=

Φ0
Φ

=

𝑘12 𝑘𝑟 𝑋2 {𝑘𝑖 𝑋1 +𝑋2 (𝑘𝑑 + 𝑘𝑟 )+𝑋1 𝑘𝑞1 [𝑄]+𝑋2 𝑘𝑞2 [𝑄]+𝑘𝑞1 𝑘𝑞2 [𝑄]2 (𝑘12 + 𝑘21 )−1 }
𝑋1 𝑘𝑖 +𝑋2 (𝑘𝑑 +𝑘𝑟 ){𝑘𝑟 𝑋2 (𝑘𝑖 +𝑘12 +𝑘𝑞1 [𝑄])}

𝑘12 {1+ 𝑋1 𝑘𝑞1 𝜏𝑒 [𝑄]+𝑋2 𝑘𝑞2 𝜏𝑒 [𝑄]+𝑘𝑞1 𝑘𝑞2 𝜏𝑒 [𝑄]2 (𝑘12 + 𝑘21 )−1 }
(𝑘𝑖 +𝑘12 +𝑘𝑞1 [𝑄])

K12 >> ki
𝑘12 {1 + 𝑋1 𝑘𝑞1 𝜏𝑒 [𝑄] + 𝑋2 𝑘𝑞2 𝜏𝑒 [𝑄] + 𝑘𝑞1 𝑘𝑞2 𝜏𝑒 [𝑄]2 (𝑘12 + 𝑘21 )−1 }
Φ0
=
Φ
(𝑘12 + 𝑘𝑞1 [𝑄])
=

{1 + 𝑋1 𝑘𝑞1 𝜏𝑒 [𝑄] + 𝑋2 𝑘𝑞2 𝜏𝑒 [𝑄] + 𝑘𝑞1 𝑘𝑞2 𝜏𝑒 [𝑄]2 (𝑘12 + 𝑘21 )−1 }
𝑘 [𝑄]
1 + 𝑞1 ⁄𝑘
12

If k12 >> kq1[Q]
Φ0
= 1 + 𝑋1 𝑘𝑞1 𝜏𝑒 [𝑄]
Φ

C. Reversible Intermolecular Energy Transfer via Photosensitization Between
Two States in Which the Second Excited State React.

Let [3S] = [1] and [1A] = 2
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𝑑3 [2]
= 𝑘12 [𝐴][1] − 𝑘21 [𝑆][2] − 𝑘𝑟 [2] − 𝑘𝑑2 [2] = 0
𝑑𝑡
𝑘12 [𝐴][1]
= [2]
𝑘21 [𝑆] + 𝑘𝑟 + 𝑘𝑑2
𝑑3 𝑆
= 𝑘21 [𝑆][2] + 𝐼Φ𝑖𝑠𝑐 − 𝑘𝑑1 [1] − 𝑘12 [𝐴][1] = 0
𝑑𝑡

[1] (𝑘𝑑1 − 𝑘12 [𝐴]) = 𝑘21 [𝑆][2] + 𝐼Φ𝑖𝑠𝑐
𝑘12 [𝐴][1]
[1](𝑘𝑑1 − 𝑘12 [𝐴]) = 𝑘21 [𝑆]3 (
) + 𝐼Φ𝑖𝑠𝑐
𝑘21 [𝑆] + 𝑘𝑟 + 𝑘𝑑2

[1](𝑘𝑑1 − 𝑘12 [𝐴]) − 𝑘21 [𝑆]3 (

𝑘21 [𝑠]𝑘12 [𝐴][1]
) = 𝐼Φ𝑖𝑠𝑐
𝑘21 [𝑆] + 𝑘𝑟 + 𝑘𝑑2

[1](𝑘21 [𝑆] + 𝑘𝑟 + 𝑘𝑑2 )(𝑘𝑑1 − 𝑘12 [𝐴]) − 𝑘21 [𝑆]𝑘12 [𝐴][1] = 𝐼Φ𝑖𝑠𝑐 (𝑘21 [𝑆] + 𝑘𝑟 + 𝑘𝑑2 )
[1] =

[1] =

𝐼Φ𝑖𝑠𝑐 (𝑘21 [𝑆] + 𝑘𝑟 + 𝑘𝑑2 )
(𝑘21 [𝑆] + 𝑘𝑟 + 𝑘𝑑2 )(𝑘𝑑1 − 𝑘12 [𝐴]) − 𝑘21 [𝑆]𝑘12 [𝐴]

𝐼Φ𝑖𝑠𝑐 (𝑘21 [𝑆] + 𝑘𝑟 + 𝑘𝑑2 )
𝑘𝑑1 𝑘21 [𝑆] + 𝑘𝑑1 𝑘𝑟 + 𝑘𝑑1 𝑘𝑑2 + 𝑘12 [𝐴]𝑘21 [𝑆] + 𝑘12 [𝐴]𝑘𝑟 + 𝑘12 [𝐴]𝑘𝑑2 − 𝑘21 [𝑆]𝑘12 [𝐴]

𝑑𝑝
= Φ𝐼Φ𝑖𝑠𝑐 = 𝑘𝑟 [𝐴][1]
𝑑𝑡

Φ=

𝑘𝑟 𝑘12 [A]Φ𝑖𝑠𝑐 (𝑘21 [𝑆] + 𝑘𝑟 + 𝑘𝑑2 )
(𝑘21 [𝑆] + 𝑘𝑟 + 𝑘𝑑2 )(𝑘𝑑1 𝑘21 [𝑆] + 𝑘𝑑1 𝑘𝑟 + 𝑘𝑑1 𝑘𝑑2 + 𝑘12 [𝐴]𝑘𝑟 + 𝑘12 [𝐴]𝑘𝑑2 )
1
𝑘𝑑1 𝑘21 [𝑆] + 𝑘𝑑1 𝑘𝑟 + 𝑘𝑑1 𝑘𝑑2 + 𝑘12 [𝐴]𝑘𝑟 + 𝑘12 [𝐴]𝑘𝑑2
=
Φ
𝑘𝑟 𝑘12 [A]Φ𝑖𝑠𝑐
1
𝑘𝑑1 𝑘21 [𝑆] + 𝑘𝑑1 𝑘𝑟 + 𝑘𝑑1 𝑘𝑑2 𝑘𝑟 + 𝑘𝑑2
=
+
Φ
𝑘𝑟 𝑘12 [A]Φ𝑖𝑠𝑐
𝑘𝑟 Φ𝑖𝑠𝑐
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D. Intermolecular sensitization: Non-Reversible Triplet Energy Transfer.

For non-reversible intermolecular energy transfer, k21 = 0 as shown in the
following energy diagram.

Iisc
3TX

(1)

k12

(2)

37

kr
kd1

kd2

P

The equation describing this diagram is

1
𝑘𝑑1 𝑘𝑟 + 𝑘𝑑1 𝑘𝑑2 𝑘𝑟 + 𝑘𝑑2
=
+
Φ
𝑘𝑟 𝑘12 [A]Φ𝑖𝑠𝑐
𝑘𝑟 Φ𝑖𝑠𝑐
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APPENDIX 3
`EXPERIMENTAL DATA FOR GRAPHS.

138
I.

II.

Temperature Dependence of Quantum Yields for Photolysis of 12a for
figure 3.3

Temp/ 0C

Quantum yield Φ

10

0.277

15

0.351

20

0.383

25

0.412

30

0.426

35

0.549

40

0.567

Quantum yields with Constant Concentration of 2.00 x 10-2 M
Thioxanthone with different concentrations of benzothiophene-2carboxanilide 7 for figure 3.5

Anilide 7 conc / M

Quantum yield

0.002

0.17

0.002

0.22

0.004

0.27

0.005

031

0.006

0.33

0.009

0.41

0.012

0.45

139
III.

IV.

0.003M benzothiophene-2-carboxanilide 7 concentration constant and
thioxanthone concentration varied with quantum yield
Thioxathone conc. / M

Quantum yield

0.00

0.140

0.01

0.273

0.02

0.225

0.04

0.195

0.06

0.182

Quenching of tethered thioxanthone with cyclohexadiene
Cycloh. Conc /

M

Quantum yield

2.78 x 10-4

0.354

5.55 x 10-4

0.335

8.33 x 10-4

0.241

9.999 x 10-4

0.222

1.12 x 10-3

0.228

1.14 x 10-3

0.244

1.66 x 10-3

0.244

3.33 x 10-3

0.188

5.00 x 10-3

0.190, 0.176,

7.22 x 10-3

0.1723, ,0.148

9.44 x 10-3

0.1502,

1.17 x 10-2

0.148

140
V.

Quenching of 0.003 M benzothiophene-2-carboxanilide 7 with
cyclohexadiene

Concentration / M

Quantum yield

0

0.140

3.23 x 10-4

0.0591

2.16 x 10-4

0.622

1.62 x 10-4

0.690

8.10 x 10-5

0.107

141

APPENDIX 4
X-RAY CRYSTALLOGRAPHY

142
Table 3. Crystal Data and Structure Refinement for Benzothiophene-2-carboxanilide 7
Identification code
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group
a/Å
b/Å
c/Å
α/°
β/°
γ/°
Volume/Å3
Z
ρcalcg/cm3
μ/mm-1
F(000)
Crystal size/mm3
Radiation
2Θ range for data collection/°
Index ranges
Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F2
Final R indexes [I>=2σ (I)]
Final R indexes [all data]
Largest diff. peak/hole / e Å-3

stein1e
C17H12ClNO3S
345.79
100.15
orthorhombic
Pbca
11.8228(2)
12.38285(19)
20.3843(4)
90.00
90.00
90.00
2984.27(9)
8
1.539
0.410
1424.0
0.48 × 0.44 × 0.38
MoKα (λ = 0.71073)
6.88 to 59.28
-11 ≤ h ≤ 16, -16 ≤ k ≤ 16, -23 ≤ l ≤ 27
21307
3906 [Rint = 0.0231, Rsigma = 0.0184]
3906/0/213
1.039
R1 = 0.0302, wR2 = 0.0754
R1 = 0.0347, wR2 = 0.0784
0.34/-0.34
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Table 4. Crystal Data and structure refinement for Trimethylene-Linked Ester 13a.
Identification code

stein1d

Empirical formula
Formula weight
Temperature/K
Crystal system

C33H24NO4S2Cl
598.10
100.15
triclinic

Space group
a/Å
b/Å

P-1
8.4756(2)
9.5981(2)

c/Å

17.4464(4)

α/°
β/°

78.921(2)
83.629(2)

γ/°
Volume/Å3

81.536(2)
1372.62(6)

Z
ρcalcg/cm3
μ/mm-1

2
1.447
0.333

F(000)
Crystal size/mm3
Radiation
2Θ range for data collection/°

620.0
0.426 × 0.289 × 0.191
MoKα (λ = 0.71073)
6.96 to 59.32

Index ranges
Reflections collected
Independent reflections
Data/restraints/parameters

-11 ≤ h ≤ 11, -12 ≤ k ≤ 13, -24 ≤ l ≤ 23
31139
7034 [Rint = 0.0280, Rsigma = 0.0268]
7034/0/371

Goodness-of-fit on F2

1.042

Final R indexes [I>=2σ (I)]

R1 = 0.0343, wR2 = 0.0810

Final R indexes [all data]
Largest diff. peak/hole / e Å-3

R1 = 0.0431, wR2 = 0.0868
0.36/-0.30
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Table 5. Crystal Data and Structure Refinement for Trimethylene-Linked Ester 13e (LG
= PhS-)
Identification code
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group
a/Å
b/Å
c/Å
α/°
β/°
γ/°
Volume/Å3
Z
ρcalcg/cm3
μ/mm-1
F(000)
Crystal size/mm3
Radiation
2Θ range for data collection/°
Index ranges
Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F2
Final R indexes [I>=2σ (I)]
Final R indexes [all data]
Largest diff. peak/hole / e Å-3

stein1c
C39.65H29.98N1.33O4S3
685.22
100.15
triclinic
P-1
8.5732(2)
19.6196(5)
19.6888(5)
92.612(2)
95.699(2)
97.567(2)
3260.85(15)
4
1.396
2.446
1429.0
0.248 × 0.088 × 0.031
CuKα (λ = 1.54184)
9.04 to 141.18
-10 ≤ h ≤ 10, -23 ≤ k ≤ 23, -23 ≤ l ≤ 24
59043
12384 [Rint = 0.0476, Rsigma = 0.0327]
12384/30/906
1.020
R1 = 0.0489, wR2 = 0.1225
R1 = 0.0621, wR2 = 0.1334
2.02/-0.82
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Table 6 .Crystal Data and Structure Refinement for Photoproduct of Trimethylene-linked
Ester 15a

Identification code
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group
a/Å
b/Å
c/Å
α/°
β/°
γ/°
Volume/Å3
Z
ρcalcg/cm3
μ/mm-1
F(000)
Crystal size/mm3
Radiation
2Θ range for data collection/°
Index ranges
Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F2
Final R indexes [I>=2σ (I)]
Final R indexes [all data]
Largest diff. peak/hole / e Å-3
Flack parameter

stein1f
C33H23NO4S2
561.64
100.15
orthorhombic
Pna21
15.1873(2)
8.41771(12)
39.3945(7)
90.00
90.00
90.00
5036.27(14)
8
1.481
2.273
2336.0
0.393 × 0.134 × 0.023
CuKα (λ = 1.54184)
8.98 to 141.18
-18 ≤ h ≤ 18, -10 ≤ k ≤ 10, -44 ≤ l ≤ 47
24616
8269 [Rint = 0.0320, Rsigma = 0.0331]
8269/1/724
1.151
R1 = 0.0417, wR2 = 0.1058
R1 = 0.0443, wR2 = 0.1073
0.43/-0.34
0.00(18)
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Table 7. Crystal data and structure refinement for sulfoxide 26

Identification code

stein1g

Empirical formula

C16H18O6S

Formula weight

338.36

Temperature/K

100.15

Crystal system

monoclinic

Space group

P21/c

a/Å

16.5505(3)

b/Å

10.3454(2)

c/Å

9.53748(17)

α/°

90

β/°

101.3266(17)

γ/°

90

Volume/Å3

1601.22(5)

Z

4

ρcalcg/cm3

1.404

μ/mm

2.059

-1

F(000)

712.0

Crystal size/mm3

0.383 × 0.227 × 0.03

Radiation

CuKα (λ = 1.54184)

2Θ range for data collection/°

10.14 to 140.972

Index ranges

-20 ≤ h ≤ 20, -12 ≤ k ≤ 12, -11 ≤ l ≤ 11

Reflections collected

15126

Independent reflections

3033 [Rint = 0.0374, Rsigma = 0.0246]

Data/restraints/parameters

3033/0/213

Goodness-of-fit on F2

1.043

Final R indexes [I>=2σ (I)]

R1 = 0.0341, wR2 = 0.0852

Final R indexes [all data]

R1 = 0.0414, wR2 = 0.0903

Largest diff. peak/hole / e Å-3

0.28/-0.32
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APPENDIX 5.
NMR spectra
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1. 1H NMR for Spectrum of Compound 26 in CDCl3
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2. 13C NMR for Spectrum of Compound 26 in CDCl

150

3. 1H NMR for Spectrum of Compound7 in DMSO-d6
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4. 13C NMR for Spectrum of Compound 7 in DMSO-d6
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5. 1H NMR for Spectrum of Compound 8 in DMSO-d6
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6. 13C NMR for Spectrum of Compound 8 in DMSO-d6
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7. 1H NMR for Spectrum of Compound 16 in CDCl3
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8. 13C NMR for Spectrum of Compound 16 in CDCl3
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9. 1H NMR for Spectrum of Compound 17 in CDCl3
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10. 13C NMR for Spectrum of Compound 17 in CDCl3
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11. 1H NMR for Spectrum of Compound 13a in CDCl3
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12. 13C NMR for Spectrum of Compound 13a in CDCl3
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1313H NMR for Spectrum of Compound 12a in DMSO-d6
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14. 13C NMR for Spectrum of Compound 12a in DMSO-d6
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15. 1H NMR for Spectrum of Compound 13a in CDCl3
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16. 13C NMR for Spectrum of Compound 13a in CDCl3
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17. 1H NMR for Spectrum of Compound 13c in CDCl3
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18. 1H NMR for Spectrum of Compound 13c in CDCl3
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19. 1NMR for Spectrum of Compound 12c in DMSO-d6
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20. 13C NMR for Spectrum of Compound 12c in DMSO-d6
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21. 1H NMR for Spectrum of Compound 13f in CDCl3
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22. 13C NMR for Spectrum of Compound 13f in CDCl3
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23. 1H NMR for Spectrum of Compound 13g in CDCl3
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24.13C NMR for Spectrum of Compound 13g in CDCl3
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25. 1H NMR for Spectrum of Compound 12d in DMSO-d6
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26. 13C NMR for Spectrum of Compound 12d in DMSO-d6
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27. 1H NMR for Spectrum of Compound 12e in CDCl3

175

28. 13C NMR for Spectrum of Compound 12e in CDCl3
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29. 1H NMR for Spectrum of Compound 13h in CDCl3
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30. 13C NMR for Spectrum of Compound 13h in CDCl3
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31. 1H NMR for Spectrum of Compound 14 in DMSO-d6
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32. 13C NMR for Spectrum of Compound 14 in DMSO-d6
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33. 1H NMR for Spectrum of Compound 14 in CDCl3
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34. 13C NMR for Spectrum of Compound 14 in CDCl3
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35. 1H NMR for Spectrum of Compound 23 in DMSO-d6
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3613C NMR for Spectrum of Compound 23 in CDCl3
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37. 1H NMR for Spectrum of Compound 25 in CDCl3
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38. 13C NMR for Spectrum of Compound 25 in CDCl3
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39. 1H NMR for Spectrum of Compound 26 in CDCl3
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4013C NMR for Spectrum of Compound 26 in CDCl3
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41. 1H NMR for Spectrum of Compound 27 in DMSO-d
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4213C NMR for Spectrum of Compound 27 in CDCl3
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43. 1H NMR for Spectrum of Compound 28 in CDCl3
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44. 13C NMR for Spectrum of Compound 28 in CDCl3
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45. 1H NMR for Spectrum of Compound 38 in CDCl3
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46. 13C NMR for Spectrum of Compound 38 in CDCl3
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47. 1H NMR for Spectrum of Compound 41 in CDCl3
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48. 1H NMR for Spectrum of Compound 40 in CDCl3
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49. 13H NMR for Spectrum of Compound 48 in DMSO-d6
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50. 13C NMR for Spectrum of Compound 48 in CDCl3

198

51. 1H NMR for Spectrum of Compound 51 in CDCl3
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52. 13C NMR for Spectrum of Compound 51 in CDCl3
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53. 1H NMR for Spectrum of Compound 52 in CDCl3
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54. 13C NMR for Spectrum of Compound 52 in CDCl3
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55. 13C NMR for Spectrum of Compound 53 in CDCl3
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56. 13C NMR for Spectrum of Compound 53 in CDCl3
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57. 1H NMR for Spectrum of Compound 54 in CDCl3
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58. 13C NMR for Spectrum of Compound 54 in CDCl3
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59. 1H NMR for Spectrum of Compound 54 acid in DMSO-d6
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60. 13C NMR for Spectrum of Compound 54 acid in DMSO-d6
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61. 1H NMR for Spectrum of Compound 55 in DMSO-d36
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62. 13C NMR for Spectrum of Compound 55 in CDCl3
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63. 1H NMR for Spectrum of Compound 56 in DMSO-d6
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64. 1H NMR for Spectrum of Compound 58 in CDCl3
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65. H NMR for Spectrum of Compound 59 in CDCl3
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66. 1H NMR for Spectrum of Compound 60 in CDCl3
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67. 13C NMR for Spectrum of Compound 60 in CDCl3
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68. 1H NMR for Spectrum of Compound 45 in CDCl3
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69. 13C NMR for Spectrum of Compound 45 in CDCl3
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70. 1H NMR for Spectrum of Compound 46 in CDCl3
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71. 13C NMR for Spectrum of Compound 46 in CDCl3
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72. 1H NMR for Spectrum of Compound 43 in CDCl3
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731H NMR Spectrum of compound 44

